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2�
���
���������#�*!���
/9�:�(
���-
��" ��H������
�H
02
���3
�*
�����3) �#��" ������  

PbZrO3-Pb(Co1/3Nb2/3)O3  PbZrO3-Pb(Ni1/3Nb2/3)O3, PbZrO3-Pb(Zn1/3Nb2/3)O3, PbTiO3-PbZrO3-

Pb(Zn1/3Nb2/3)O3, PbZrO3-BiAlO3, PbZrO3-Pb(Yb1/2Nb1/2)O3,  PbZrO3-Pb(Y1/2Nb1/2)O3,  PbZrO3-

Pb(In1/2Nb2/3)O3 63.  PbZrO3-Pb(Mg1/2W1/2)O3 2#���
3.3�����6�
�*�'/9�:��"
���#���

�
.(����
2�3���("0 – (�)36H
��"0) 9̂'��5��*������
�3�����(����
������� 0̂ (X-ray diffraction 

	
&� XRD) 63.
��������2*
�2��P (Raman spectroscopy) �!�	
�(��
"
����(2
��
����39�

����^
����*�'� ����
���^���"�
0 (Sintering) 63�� �����������
"
����(*����-j����*�� 

(Morphology) ��(�"�*������
��� (Thermal properties) ��
����"��*������
��� (Thermal 

expansion) ��(�"��#���3
�*
�� (Dielectric properties) 63.��(�"��H�
02
���3
�*
�� (Ferroelectric 

properties) ����^
�����*��(��(��#� �����0�
.��(���� "
����(2#��5��3����)3*

/0

���3
�"
��6((� ���
�# (Scanning Electron Microscopy 	
&� SEM) ��
&'��#�H�H��
��5��3

�6����'�6�3�
����"�
0 (Differential Scanning Calorimeter 	
&� DSC) ��
&'���#3�2"���"�
0 

(Dilatometer) 5)#��#�#���3
�*
�� 63.5)#��#����w���*�
� �̂� P - E "��3!�#�( �������4��<0


.	� �� 2�
��
��� 63. ��(�"� 1��/9�:�63.�5&'��2���	��	
������3) ���
3.3�����6�
� ���


.	� �� �H
02
���3
�*
��6((��"�-
�6
��^�
0-6��"��H
02
���3
�*
��  
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Abstract 

Project code:         RSA5180002 

Project Title:        Morphotropic Phase Boundary in Ferroelectric Materials Based on  

                             Perovskite Structure  

Investigator:          Asst. Prof. Dr. Naratip Vittayakorn 

E-mail Address:     naratipcmu@yahoo.com, kvnarati@kmitl.ac.th 

Project Period:      3 years (1 May 2008 - 30 April 2011) 

Abstract 

The morphotropic phase boundary in many mixed ferroelectric system, such as PbZrO3-

Pb(Co1/3Nb2/3)O3  PbZrO3-Pb(Ni1/3Nb2/3)O3, PbZrO3-Pb(Zn1/3Nb2/3)O3, PbTiO3-PbZrO3-

Pb(Zn1/3Nb2/3)O3, PbZrO3-BiAlO3, PbZrO3-Pb(Yb1/2Nb1/2)O3,  PbZrO3-Pb(Y1/2Nb1/2)O3,  PbZrO3-

Pb(In1/2Nb2/3)O3 and  PbZrO3-Pb(Mg1/2W1/2)O3 system was investigated in this study. Ceramics 

were prepared by high temperature solid state reaction involving the use of high-purity starting 

oxides and columbite-(wolframite) precursor method. Compositions were selected across each 

solid solution so as to represent all of the phases that occur in the systems with special emphasis 

on compositions near MPBs and other regions of particular interest. Each composition was 

synthesized by ball-milling followed by calcining at temperatures ranging from 700-950 oC. 

Phase development of the calcined powders and the crystal structure of sintered ceramics were 

analyzed by X-ray diffraction.  The properties of the ceramics were characterized by a 

combination of dielectric spectroscopy, polarization switching, and x-ray diffraction 

measurements. This project explores the structure-properties relationship of a number of normal-

relaxor - antiferroelectric solid solution systems.  
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Executive Summary 

2�
���
���������#�*!���
/9�:�(
���-
��" ��H������
�H
02
���3
�*
�����3) �#��" ������  

PbZrO3-Pb(Co1/3Nb2/3)O3  PbZrO3-Pb(Ni1/3Nb2/3)O3, PbZrO3-Pb(Zn1/3Nb2/3)O3, PbTiO3-PbZrO3-

Pb(Zn1/3Nb2/3)O3, PbZrO3-BiAlO3, PbZrO3-Pb(Yb1/2Nb1/2)O3,  PbZrO3-Pb(Y1/2Nb1/2)O3,  PbZrO3-

Pb(In1/2Nb2/3)O3 63.  PbZrO3-Pb(Mg1/2W1/2)O3 
��19���
�����
�.	0���39������
�H
02
���3
�*


�����3) ��4�
0
�H���#0�5 � K1/2Na1/2NbO3, KNbO3 63. NaNbO3 2#�����
16���#�#����� 

 

1. ��������	�
���

 (1-x)PbZrO3 – xPb(Co1/3Nb2/3)O3 

�"
����^
������
.(( (1-x)PbZrO3-xPb(Co1/3Nb2/3)O3 ��&'� x = 0.00 0.02 0.04 0.06 0.08 0.10 

0.20 63. 0.30 #����
.(����
2�3���("0 *!���
"
��4�����0���3��:-0#����*������
�3�����(�

���
������� 0̂ (XRD) 63.
��������2*
�2��P "
����(4@"��

�*������
���#����*���� 

DSC ��#� ��#���3
�*
�� "
����(��(�"��H�
02
���3
�*
��2#���
��#��w���*�
� �̂� P-E 63.

"
����(��-j����*������^
����#����3����)3*

/�0���3
�"
��6((� ���
�# (SEM) �3��


"
����(2�
��
����39�����^
����  PZ - PCoN  #����*����  XRD  4(� ���2�
��
�������       

�4�
�H���"0*�'��#� �����0�
.��( 0.00 � x � 0.30 63.�� 4(�H��42
�3�
0��*)���#� ��

���0�
.��(   2#�4(� �*�'��#� �����0�
.��(  0.00 � x � 0.10  ������
.((�39�����6((��
0

2*
��(�� 63.�.��3�'��������
��2(w�#
�3��&'��
���-��� PCoN �4�'�����9�� �����
�3��� 

DSC 4(� ����#��
��3�'���H���� AFE�FE�PE *�'��#� �����0�
.��( 0.00 � x � 0.08 2#�

�)-	=�������
��3�'���H���������.3#3���&'���#� �����0�
.��( x ����9�� 63.5 ����������

�)-	=�������H� FE �.�4�'��9����&'��
���-��� PCoN �4�'��9�� � ��*�' x � 0.08 4(��
��3�'��6�3�

�4���5 ���#����&���
��3�'���H���� FE�PE � ���3�����
��#� ���*�'�#���3
�*
������4(� �4��

*�'��#� �����0�
.��( x = 0.00 �����.��3��:-.����4��6	3� (Sharp peak) 63.*�'�)-	=���

�
.��- 237 °C ����
��3�'���H���� AFE�PE 6" *�'��#� �����0�
.��(  0.02 � x � 0.06 ����

4(��
��3�'��6�3� 2 5 �� 2#�*�'�)-	=���"'!��� �������
��3�'���H���� AFE�FE � ��5 ��*�'

�)-	=�������� �����4��*�'6�#���
��3�'���H���� FE�PE 2#�5 ���)-	=���*�'���� FE �����.�����

�9����&'� x ����9�� � ��*�' x � 0.08 4(��
��3�'��6�3��4���5 ���#����&���
��3�'���H���� FE�PE 

9̂'��)-	=�������
��3�'���H��.��6��2���3#3���&'��
���-��� PCoN �4�'�����9�� ���������

� ���*�'�#���3
�*
������)# (�r, max) ��6��2�������9����&'��
���-��� PCoN �4�'��9�� 2#���
��3�'��

�H�*�'4(��� DSC 63.�#��3
�*
��������������#�3������ �����
��#����w���*�
� �̂� P-E �.

4(3��:-.����w���*�
� �̂�*�'��(�
-0*�'��#� �����0�
.��( x � 0.08 2#�� �243��
�^5����'�"�� 

63.243��
�^5�����	3&�������� ���3��������� 63.��� ��4�'��9����&'� x �4�'��9�� 63.�����
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"
����((
���-
��	������^
������
.(( PZ-PCoN #��� SEM 4(� ���
	��� ���	8 ���#�9��

*�'(
���-��(��
� 63.���#��
���5 �� 0.00 � x � 0.10 ��6��2����4�'��9����&'��
���- PCoN 

����9�� 63.�����#�3
�3���&'� x = 0.20 63. 0.30 "��3!�#�( 2#����#��
���� ��5 �� 0.57-0.59 

 

2. ��������	�
���

 (1-x)PbZrO3 – xPb(Ni1/3Nb2/3)O3 

�"
����^
�����4�
�H���"0��
.(( (1–x)PbZrO3–xPb(Ni1/3Nb2/3)O3 (PZ-PNN) *�' x �* ���( 

0.00 0.02 0.04 0.06 0.08 0.10 0.20 0.30 0.40 63. 0.50 #����*�����
.(����

�6��5��- �̂

��*�
�� 63.�*���������
����1��.���6�
� *!���
"
����(3��:-.�H� 63.2�
��
����39�

#����*������
�3�����(����
������� 0̂ 4(� �����
1�"
����^
�����4�
�H���"0��
.(( 

PZ-PNN (
��)*<���#����*�������*���� 2#�*�'��#� �� x �* ���( 0.00 19� 0.08 ��2�
��
����39�

����6((��
02*
��(�� ��&'��
���-��� x �4�'��9���* ���( 0.10 19� 0.40 2�
��
����39�

��3�'��������6((
��2(w�#
�3 63.��3�'������6((���(�����&����&'� x �* ���( 0.50 *!���


"
����(��
��3�'���H�#����*����#�H�H��
��5��3�6�����6�3�
���*
� 4(� ��^
����*�'

�"
����#����*�������*����*�'��#� ����� x �* ���( 0.00 19� 0.08 ����
��3�'���H����#�9�� 2 �
��� 

2#�*�'�)-	=���"'!��.���#��
��3�'���H����6��"��H�
02
���3
�*
���H��������H�
02
���3
� 

*
���H� 63.�.��3�'������H�
02
���3
�*
���H�������4�
����3
�*
���H�*�'�)-	=������ � ��

*�'��#� �� x �* ���( 0.10 19� 0.40 ����
��3�'���H����#�9���4����
����#��� �&���
��3�'���H����

�H�
02
���3
�*
���H�������4�
����3
�*
���H� 63.�� 4(��
��3�'��6�3��# ; *�' x �* ���( 

0.50 ������������4(���� ���&'��
���-��� x �4�'�����9�� �)-	=�����
��3�'���H��.3#3�

"��3!�#�( ��&'�*!���
"
����(��(�"�*���#���3
�*
���*��(��(�)-	=���*�'����1�'" �� ;  4(� �

*�' x �* ���( 0.00 ���#4��6	3�j��6�(*�'�)-	=��� 230 ��/��^3�^��� � ���*�'�#���3
�*
��*�'�#�

�� �9����(����1�' 63.��&'��4�'��
���-��� x ����9��4(� �4��*�'�#��.������6	3�3#3� j��

���������9�� � ���*�'�#���3
�*
��*�'�#��
�9����(����1�'����9��"��3!�#�( 9̂'��	
��#�5�#���*�'

��#� �� x �* ���( 0.50 63.�)-	=���*�'���#4���
3#"'!�3�"��3!�#�( �������"
����(��(�"�*��

�H�
0���3
�*
��4(� �*�'  x �* ���( 0.00 19� 0.06 ����(�"�����6��"��H�
02
���3
�*
�� *�' x �* ���( 

0.08 ���#�����H�
02
w���*��
^��*�'����� 63.�.6�(3���&'��
���- x �4�'�����9�� �)#*���*!�

��
"
����(*����-j����*��4(� ��^
����*�'�"
����#�������(
��)*<�� �� 4(��'�6�3��3�� 

��(��
�"�#5�#���#� 63.�����#��
��I3�'���� 
.	� �� 0.91 19� 6.76 ��2�
��"
 

 

3. ��������	�
���

 (1-x)PbZrO3 – xPb(In1/2Nb1/2)O3 

*!���
/9�:���
3.3�����6�
�����^
������
.(( �3#�^�
02���"-�3#����#�����

2��(" ((1-x)PbZrO3 - xPb(In1/2Nb1/2)O3; (1-x)PZ-xPIN)  2#�*!���
/9�:�
��6((��
���#�H��4
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�
�H���"0  ��
��3�'���H�  ��(�"��#���3
�*
��  63.��(�"��H�
02
���3
�*
������^
����*�'�"
���

�#� 2#�*!���
�"
������39���� (1-x)PZ-xPIN *�'��#� �� x �* ���( 0.00  0.02  0.04  0.06  0.08  

0.10  0.20  0.30  0.40  63. 0.50 #�����<���
�"
�����
"���"����36H
��"0 (Wolframite  Precursor  

Method)  2#��5���
"���"������23	.����^#0*�'������(
��)*<����� (> 99.5%) ���6�3�^�0*�'

�)-	=��� 850°C ������3� 2 5�'�2�� ��"
���
�9��/3��)-	=��� 10°C /��*� �������*!���
��#�9��
��

5����������
��6� ��3� 63.���^���"�
0*�'�)-	=��� 1200-1250°C ������3� 2 5�'�2�� 4(� ���&'�

�
���- x �4�'�����9���)-	=���̂ ���"�
0�.3#3� �����
"
����(
��6((��
���#�H��4�
�H���"0 

63.2�
��
����39�����^
���� (1-x)PZ-xPIN #����*������
�3�����(����
������� 0̂  (X-ray 

diffraction; XRD) 4(� �*�' x �* ���( 0.00 ��
��6((��
�3�����(����
������� 0̂�3����39���(
��6((

��
 �3�����(�
������� 0̂��"
j��(ICDD File no. 75-1607) ��� PbZrO3 9̂'���2�
��
����39�����

6((��
02*
��(�� 63.*�' x �* ���( 0.02-0.10 �������
��6((��
�3�����(����
������� 0̂��3������

��(
��6((��
�3�����(�
������� 0̂��"
j����� PbZrO3 ��&'��
���- x �4�'��9��19� 0.20 4(��


��3�'���H����#�9�������
02*
��(�� ����
��2(w�#
�3 ��&'�*!���
"
����(�)-	=�����
��3�'��

�H� #����3���� ���*�'�#���3
�*
�� ��
��#��
����"��*������
��� 63.#�H�H��
��5��3�6��

���6�3�
���*
� (Differential scanning calorimetry; DSC) 4(� � *�' x = 0.02-0.4 �^
�����0���#��


��3�'���H� 2 �
������6��"��H�
02
���3
�*
���������H�
02
���3
�*
�� 63.����H�
02
���3
�*
��

������4�
����3
�*
��"��3!�#�( � ��*�' x = 0.5 ���#��
��3�'���H��4����
����#�������H�
02
���3
�*


��������4�
����3
�*
�� 63.4(� ��)-	=�����
��3�'���H�*�'���#�9��*��� 2 �
��� �.3#3���&'��
���-

��� x �4�'�����9�� ���������*�'�)-	=���	����^
����*�'��#� �� x = 0.2  ����
1��#����w��*�
� �̂��#�

2#���3��:-.�3�����(����w��*�
� �̂����6��"��H�
02
���3
�*
�� ��#� �� x = 0.3-0.5 6�#���(�"�

�H�
02
���3
�*
�� �3��
"
����(2�
��
�����
.#�(�)3=��*�'(
���-
��	��#����3����)3*

/

���3
�"
��6((� ���
�# (Scanning electron microscope) 4(� �*�'(
���-
��	�������
#�^
�����0

� ���	8 ���#*�'(
���-��(��
� 63.�����#��
���5 �� 2.26 - 3.16 �m 

 

4. �������
���

 (1-x)PbZrO3 – xPb(Yb1/2Nb1/2)O3 

*!���
/9�:���
3.3�����6�
�����^
������
.(( �3#�^�
02���"-��*�*�
0�(�����

2��(" ((1-x)PbZrO3 - xPb(Yb1/2Nb1/2)O3; (1-x)PZ-xPYbN)  2#�*!���
/9�:�
��6((��
���#�H��4

�
�H���"0  ��
��3�'���H�  ��(�"��#���3
�*
��  63.��(�"��H�
02
���3
�*
������^
����*�'�"
���

�#� 2#�*!���
�"
������39���� (1-x)PZ-xPYbN *�'��#� �� x �* ���( 0.00  0.02  0.04  0.06  0.08  

0.10  0.20  0.30  0.40  63. 0.50 #�����<���
�"
�����
"���"����36H
��"0 (Wolframite  Precursor  

Method)  2#��5���
"���"������23	.����^#0*�'������(
��)*<����� (> 99.5%) ���6�3�^�0*�'

�)-	=��� 900°C ������3� 2 5�'�2�� ��"
���
�9��/3��)-	=��� 20°C /��*� �������*!���
��#�9��
��
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5����������
��6� ��3� 63.���^���"�
0*�'�)-	=��� 1200-1250°C ������3� 2 5�'�2�� �����


"
����(
��6((��
���#�H��4�
�H���"0 63.2�
��
����39�����^
���� (1-x)PZ-xPYbN #���

�*������
�3�����(����
������� 0̂  (X-ray diffraction; XRD) 4(� �*�' x �* ���( 0.00 ��
��6((��


�3�����(����
�������^0�3����39���(
��6((��
 �3�����(�
������� 0̂��"
j��(ICDD File no. 75-

1607) ���   9̂'���2�
��
����39�����6((��
02*
��(�� 63.*�' x �* ���( 0.02-0.20 �������
��6((

��
�3�����(����
�������^0��3��������(
��6((��
�3�����(�
������� 0̂��"
j����� PbZrO3 ��&'�

�
���- x �4�'����� 0.30-0.50 4(�H�6�3��3�����#�9�� 6�#��	��	
�� ��^
�����0��
.(( (1-

x)PZ-xPYbN �� ����
1���#������
3.3�����6�
�*�'��2�
��
���6((�4�
�H���"0*�'(
��)*<���#�

��&'� x ����� � 0.2  �������*!���
"
����(�)-	=�����
��3�'���H� #����3���� ���*�'�#���3
�*
�� 

63.#�H�H��
��5��3�6�����6�3�
���*
� (Differential scanning calorimetry; DSC) 4(� �

�)-	=�����
�3#3� 3��:-.���4��� ���*�'�#���3
�*
���.��j�����������9����&'��
���-��� x �4�'�

����9�� 63.*�'��#� �� x = 0.02-0.20 ����
��3�'���H���5 ���)-	=���6�(; � ��19��)-	=�����
� 

������������4(� ��^
����*�' �"
����#�*)���#� �� 6�#���(�"�6��"��H�
02
�� �3
�*
��*�'

�)-	=���	��� 

 

5.  ��������	��������
���

 (1-x)PbZrO3 – xPb(Y1/2Nb1/2)O3 

*!���
/9�:���
3.3�����6�
�����^
������
.(( �3#�^�
02���"-��*�*�����2��(" 

((1-x)PbZrO3 - xPb(Y1/2Nb1/2)O3; (1-x)PZ-xPYN)  2#�*!���
/9�:�
��6((��
���#�H��4�
�H�

��"0  ��
��3�'���H�  ��(�"��#���3
�*
��  63.��(�"��H�
02
���3
�*
������^
����*�'�"
����#� 2#�

*!���
�"
������39���� (1-x)PZ-xPYN *�'��#� �� x �* ���( 0.00  0.02  0.04  0.06  0.08  0.10  0.20  

0.30  0.40  63. 0.50#�����<���
�"
�����
"���"����36H
��"0 (Wolframite  Precursor  Method)  

2#��5���
"���"������23	.����^#0*�'������(
��)*<����� (> 99.5%) ���6�3�^�0*�'�)-	=��� 900°C 

������3� 2 5�'�2�� �������*!���
��#�9��
��5����������
��6� ��3� 63.���^���"�
0*�'�)-	=��� 

1200-1300°C ������3� 2 5�'�2�� 4(� ���&'��
���- x �4�'�����9���)-	=��� �̂��"�
0�.3#3� �����


"
����(
��6((��
���#�H��4�
�H���"0 63.2�
��
����39�����^
���� (1-x)PZ-xPYN #���

�*������
�3�����(����
������� 0̂  (X-ray diffraction; XRD) 4(� �*�' x �* ���( 0.00 ��
��6((��


�3�����(����
�������^0�3����39���(
��6((��
 �3�����(�
������� 0̂��"
j��(ICDD File no. 75-

1607) ���   9̂'���2�
��
����39�����6((��
02*
��(�� 63.*�' x �* ���( 0.02-0.10 �������
��6((

��
�3�����(����
������� 0̂��3��������(
��6((��
�3�����(�
������� 0̂��"
j��(1-x)PZ-xPYN ��� 

PbZrO3 6" ��&'��
���- x �4�'��9��19� 0.20 4(�H�6�3��3�����#�9�� 6�#�� ���
��
.(( (1-

x)PZ-xPYN ����
1���#������
3.3�����6�
�*�'��2�
��
��������4�
�H���"0(
��)*<���#�*�'

�
���- x � 0.1 ��&'�*!���
"
����(�)-	=�����
��3�'���H����6��"��H�
02
���3
�*
��������
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4�
����3
�*
�� 	
&�*�'�
���� � “�)-	=�����
� (Curie temperature; TC)” #����3���� ���*�'�#���3
�*


�� ��
��#��
����"��*������
��� 63.#�H�H��
��5��3�6�����6�3�
���*
� (Differential 

scanning calorimetry; DSC) 4(� � *�' x = 0.02-0.20 4(� ��)-	=�����
�3#3�63.3��:-.4��*�'��&'�

�
���-��� x �4�'�����9�� ������������4(���� �*�'�)-	=���	����^
����*�'��#� �� x = 0.02-0.10 

6�#���(�"�6��"��H�
02
���3
�*
�� 63.*�'��#� �� x = 0.20 6�#���(�"��H�
02
���3
�*
�� 

 

6. ��������	��������
���

 (1-x)PbZrO3 – xPb(Zn1/3Nb2/3)O3 

�"
����^
�����0 (1-x)PbZrO3 – xPb(Zn1/3Nb2/3)O3 *�' x = 0.0-0.5 #�����<�2�3���("0 *!���
"
��

4�����0���3��:-0#����*������
�3�����(����
������
� 0̂ 63.
��������2*
�2��P ��#��
����"��

�5������ ��#� ���*�'�#���3
�*
�� ��#����w���*�
� �̂� P-E 63."
����(2�
��
�����
.#�(�)3=�� 

�3��
"
����(2�
��
����39�4(� � ����
1�"
����^
�����0��
.(( PZ-PZN *�'��2�
��
���

6((�4�
�H���"0 ����#� �� 0.00 � x � 0.50 �#�2#��� 4(�H�6�3��3�� ����3*�'�#���� 

XRD 63.
����4(� �*�'��#� �� 0.00  � x � 0.10 ��
.((�39�����6((��
02<
��(�� 63.���#

��
��3�'���H������
02<
��(��������
��2(w�#
�3*�' x = 0.2 ��
"
����(��(�"��#���3
�*
��

4(� �*�'�
���- PZN ���� 0.02-0.06 4(��
��3�'���H����#�9�� 2 �
��� ��� AFE�FE�PE 2#�

�)-	=�����
��3�'���H���� AFE�FE ��6��2���3#3�������3��)-	=���	�����&'��
���- PZN 

�4�'��9�� 63.�)-	=�����
��3�'���H� FE�PE ��6��2���3#3���&'� PZN �4�'��9�� 63.4(� �5 ��

�)-	=�������H��H�
02
���3
�*
��*�'��� 
.	� ���H�4�
����3
�*
��63.6��"��H�
02
���3
�*
����� 

PbZrO3 �.�4�'��9��"���������������� PZN *�' 0.08 �  x 4(��
��3�'���H����#�9���4����
����#���

��� FE�PE 2#��)-=�����
��3�'���H���6��2���3#3���&'��
���- PZN �4�'��9�� ���������

� ���*�'�#���3
�*
������)#�.� ��; �4�'��9����&'���#� �����0�
.��(�4�'�����9��19� x = 04 ��������.

�3�(����� �3#3�*�' x = 0.5 �3��
��#��
����"���5������*�' 0.02 � x � 0.06 4(��
��3�'���H�63.

6��2�������)-	=�����
��3�'���H�*�'��#�3�����(�3��
��3�'���H�*�'4(�����
��#� ��#���3
�*


�� ����
��3�'���H���� AFE � FE �.���#��
����"���5������ � ����
��3�'���H���� 

FE�PE �.���#��
	#"�������
 6" *�' x = 0.00 �3*�'�#���#6�����(�3�#���3
�*
���&�4(��


��3�'���H����#�9�� 2 �
��� �3��
��#����w���*�
� �̂�4(����w���*�
� �̂�*�'��(�
-0*�'��#� �� 0.08 

� x � 0.50 63.4(3��:-.�����3�����(��������H�
02
���3
�*
����"� �3��
"
����(

2�
��
�����
.#�(�)3=��*�'(
���-
��	�������
#�^
�����04(� ���
	��� ���	8 ���#*�'(
���-

��(��
� 63.���#��
���5 �� 0.02 � x � 0.06 ��6��2����4�'��9��"���
���- PZN ��������.��

���#3#���&'��4�'��9��*�' x = 0.08 63. x = 0.01 ��&'��
���- PZN �4�'��9��19� 0.20 � x � 0.50 �.�3�(

��6��2����4�'��9��"���
���- PZN ����
��� 
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7. ��������	��������
���

 (1-x)PbZrO3 – xPb(Mg1/2W1/2)O3 

2�
��
����39�63.��
��3�'���H�����^
������
.(( �3#�^�
02���"-�3#6����� �̂��

*����"" ((1-x)PbZrO3-xPb(Mg1/2W1/2)O3; PZ-PMW) *�'��#� ��������0�
.��( (x) "���6"  0.00-

0.50 #����*�����)36H3���*0 (Wolframite precursor method) *!���
�"
������39�2#���
���

6�3�^�0*�'�)-	=��� 900oC ������3� 4 5�'�2���������*!���
"
����(����(
��)*<��#����*������


�3�����(����
������� 0̂4(� � ���39�*�'�"
����#�������(
��)*<�� 9̂'���&'���#� ��������0�
.��(��� 

*�' 0.00 � x � 0.10 ���39� PZ-PMW ��
��6((��
�3�����(�
������� 0̂��#�3�����(
��6((��


�3�����(�
������� 0̂��� PbZrO3 (PZ) ���j�������3��"
j�� JCPDS �3�*�' 75-1607 6" *�'��#� ��

������0�
.��( 0.20 � x �  0.50 4(4��6�3��3�����#�9�� 9̂'���&'�*!���
"
����(63��4(� �

4��*�'�
���������#�3�����(
��6((��
�3�����(�
������� 0̂��� PMW ���j�������3��"
j�� 

JCPDS �3�*�' 75-0004 2#���&'�*!���
	��
���-��� PMW *�'���#�9��4(� ��
���-��� PMW �.

�4�'��9��"����#� ��������0�
.��(*�'�4�'��9�� ��������!����39�*�'�#���*!���
��#�9��
��63���!���

���^���"�
0*�'�)-	=���6"�" �����4(� ���&'���#� ��������0�
.��(�4�'�����9�� �)-	=�������
���

�̂��"�
0�.�4�'�����9��#��� ��������!��^
����*�'�"
����#���*!���
"
����(����(
��)*<��63.

2�
��
����39� (Crystal structure) #����*������
�3�����(����
������� 0̂ (X-ray diffractometry; 

XRD) 4(� ��^
����*�'�"
����#�������(
��)*<�� 2#���&'���#� ��������0�
.��(��� *�' 0.00 � x � 

0.10 �^
���� PZ-PMW ��
��6((��
�3�����(�
������� 0̂��#�3�����(
��6((��
�3�����(�
����

��� 0̂��� PbZrO3 (PZ) ���j�������3��"
j�� JCPDS �3�*�' 75-1607 ��&'��4�'���#� �����

���0�
.��( (x) ��� *�' 0.20 � x � 0.50 �.6( ���
4���
-��������*�3.�����#� �����0�
.��(

#������&� *�'��#� ��������0�
.��(�* ���( 0.20 63. 0.30 4(� ����
��6((��
�3�����(����
����

��� 0̂*�'�#�������39��
���4����� PMW 6�������6" ��&'�*!���
���^���"�
063���� 4(4��

#���3 ��6" ��&'���#� ��������0�
.��(�4�'��9������ 0.40 63. 0.50 ����4(� �������
���4����� 

PMW 6���������� �5 ��#��6" ���
���-��� PMW 3#3�63.��&'�*!���
4���
-�19�2�
��
���

63��4(� ���6��2�������
��3�'��2�
��
��������2*
��(������
��2(w�#
�3��&'���#� �����

���0�
.��( (x) ����9�� �������*!���
"
����(��(�"��#���3
�*
�� (Dielectric properties) ��


����"��*������
���(Thermal expansion) ��(�"���
��3�'��6�3�*������
���63.�&������


��3�'���H�#�����
"
����(��(�"��H�
02
���3
�*
�� (Ferroelectric properties) 4(� ��^
���� PZ-

PMW *�'��#� ��������0�
.��( 0.00 � x � 0.10 ����
��3�'���H����5 ���&���3�'�����6��"�

�H�
02
���3
�*
�������H�
02
���3
�*
��63.��3�'������H�
02
���3
�*
������4�
�-���3
�*
��63.

��&'���#� ��������0�
.��( (x) ����9��4(� ��)-	=�������
��3�'���H�3#3� 63.*�'��#� �����

���0�
.��( 0.20 � x � 0.50 ����
��3�'���H�5 ���#����&���3�'������H�
02
���3
�*
������4�
���

�3
�*
��  
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8. ��������	�
���

 (1-x)PbZrTiO3 – xPb(Zn1/3Ta2/3)O3 

�^
������
.(( PZT-PZnTa �"
�����
3.3�����6�
� Pb[(1-x)(Zr1/2Ti1/2)-x(Zn1/3Ta2/3)]O3 ��&'� x 

= 0.1-0.5 #����
.(����
2�3���("063.��36H
��"0 (columbite and wolframite methods) 63.�5�

�*������
�3�����(����
������� 0̂ (XRD) �3����)3*

/�0���3
�"
��6((� ���
�# (SEM) 63.

��
&'����#�#���3
�*
�� (dielectric spectroscopy) �!�	
�("
����(2�
��
����39� ��-j����*�� 

63.��(�"��#���3
�*
������^
���� "��3!�#�( ����3*�'�#�4(� � �
���-����3#^���06*�*��3" 

[Pb(Zn1/3Ta2/3)O3; PZTa] ����
3.3�����6�
������ ��3" ���1��
=�4���2�
��
����4�
�H�

��"0 (perovskite) ����3#�^�
02���"�* [Pb(Zr1/2Ti1/2)O3; PZT] 63.��&'��
���- PZTa �4�'��9���.

���#��
��3�'���H�����""
.2���3 (tetragonal) ������ �̂2#-���(�� (pseudo-cubic) ������������

4(� �*�'��#� �����0�
.��( x = 0.1 ������*�������H�����""
.2���363.^�2#-���(�� 63.���

� ���*�'�#���3
�*
��*�'�#�4(� ���� ���*�'�#���3
�*
������)#*�'(
���-
��" ��H� (Morphotropic 

Phase Boundary; MPB) 9̂'���� ��* ���( 19,600 *�'�)-	=��� 330 °C  

 

9. ��������	��������
���

 (1-x)Bi0.5K0.5O3 – xBaTiO3 

*!���
/9�:���
3.3�����6�
� ����^
�����4��2^���3
�*
���
���
".��'���
.(( (1-

x)Bi0.5K0.5O3 – xBaTiO3 (BKT – BT ) ��&'� x = 0.00 0.02  0.04  0.06  0.08  0.10  0.20  0.30  0.40  

0.50  0.60  0.70  0.80  0.90 63. 1.00 2#��#�*!���
/9�:�2�
��
����39� ��
��3�'���H� 63.

��(�"��#���3
�*
�������

.((��� 2#��#�*!���
�"
������39�*�'������(
��)*<�����#����*����

�����
����1��.���6�
� 2#��5���
"���"��������
�
.��(�
.�=*����^#0	
&���
0(���"*�'��

����(
��)*<����� 63.*!���
���6�3�^�0��5 ���)-	=��� 850 – 1300 ��/��^3�^��� ������3� 2 

5�'�2�� �!����39�*�'�#�*!���
��#�9��
��5������*�'������� ��/���0�3�� 15 ��33���"
 	�� 5 ��33���"
 

	3����������!���*!���
��#�9��
��6((*)�*�/*)�*�� (Isostatic press) #�������#�� 250 MPa *!�

��
���^���"�
0��5 ���)-	=��� 1040 – 1350 ��/��^3�^��� �����3� 2 5�'�2�� �����
/9�:�4(� � 

��&'��
���-��� BT �4�'��9�� �)-	=���*�'�5�����
���6�3�^�063. �̂��"�
0�4�'�����9��"��3!�#�( ���

��
/9�:�����	��6� �����^
����*�'�"
����#� 4(� � ����	��6� �����^
�����4�'�����9�� "��

�
���-��#� ����� BT *�'�4�'��9�� �����
"
����(
��6((��
���#�H�   �4�
�H���"0 63.

2�
��
����39�����^
���� BKT – BT #����*������
�3�����(����
������� 0̂  (X-ray diffraction; 

XRD) 4(� � ����
1�"
����^
������
.(( BKT – BT *�'��2�
��
���           �4�
�H���"0*�'��

����(
��)*<������#�*)�� �����0�
.��(�����
 2#�*�' x �* ���( 0.00 ��
��6((��
�3�����(����


������� 0̂�3����39���(
��6((��
�3�����(�
������� 0̂��"
j�� (ICDD File no. 36-0339) ��� 

Bi0.5K0.5O3  9̂'���2�
��
����39�����6((�**
.2���3 63.��&'�*!���
��&� BT ���������^
���� 

BKT 4(� � �������2�
��
����39�����6((�**
.2���3*)���#� �����0�
.��(�����
 �� ���
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�
"�� ��&'�4���
-����������**
.2���3 (Tetragonality) ����^
���� 4(� � ���������**
.

2���3����^
������� ��4�'��9�� "���
���-��#� ����� BT *�'�4�'��9�� ��'����� ��������4(� � 63*

*��4�
����"�
0�����#�	8 �9��"���
���-��� BT *�'�4�'��9��#��� �����
"
����(��
��3�'���H�

63.��(�"�*���#���3
�*
�� 4(� � *�' x �* ���( 0.00 4(�)-	=�����
��0*�' 400 ��/��^3�^��� 9̂'�����

�)-	=�����
��3�'���H�����H��H�
02
���3
�*
��6((�**
.2���3�������H�4�
����3
�*
��*�'��

2�
��
�������6((���(�� 63.��&'�*!���
��&� BT ����9�� 4(� � �)-	=�����
��0�.3#3�"��3!�#�( 

������������4(� � *�' x �* ���( 0.00 �
�H�#���3
�"
����3��:-.����4��j������� (Broad peak) 9̂'�

����3��:-.�����
��3�'���H�6((" ���&'�� ( Diffuse phase transition) 63.��&'��
���-��� BT 

�4�'��9��3��:-.���4���
�'�6	3��9�� (Shape peak) 9̂'�����3��:-.�����
��3�'���H�6((I�(43�� 

( First order phase transition)  

 

10. ��������	��������
���

 (1-x)PbZrO3 – xBiFeO3 

*!���
/9�:���
3.3�����6�
� ����^
�����4��2^���3
�*
���
���
".��'���
.(( (1-

x)PbZrO3 – xBiFeO3 (PZ - BF) ��&'� x = 0.00 0.02  0.04  0.06  0.08  0.10 63. 0.20 2#��#�

*!���
/9�:�2�
��
����39� ��
��3�'���H� 63.��(�"��#���3
�*
�������

.((��� 2#��#�*!���


�"
������39�*�'������(
��)*<�����#����*���������
����1��.���6�
� 2#��5���
"���"������

��
�
.��(�
.�=*����^#0*�'������(
��)*<����� 63.*!���
���6�3�^�0*�'�)-	=��� 850��/�

�^3�^��� ������3� 2 5�'�2�� �!����39�*�'�#�*!���
��#�9��
��5������*�'������� ��/���0�3�� 15 

��33���"
 *!���
���^���"�
0��5 ���)-	=��� 1050 – 1250 ��/��^3�^��� ������3� 2 5�'�2�� ���

��
/9�:�4(� � ��&'��
���-��� BiFeO3 �4�'��9�� �)-	=���*�'�5�����
���^���"�
03#3�"��3!�#�( 

�����
"
����(
��6((��
���#�H��4�
�H���"0 63.2�
��
����39�����^
���� PZ – BF #���

�*������
�3�����(����
������� 0̂  (X-ray diffraction; XRD) 4(� � ����
1�"
����^
������


.(( PZ – BF *�'��2�
��
����4�
�H���"0(
��)*<���#�����)#*�' 20 %2�3 ��� BiFeO3 *�'��&������� 

(
��&�����3 XRD x = 0.3 0.4 63.��
# �#� 20 ��.�.)  2#�*�' x �* ���( 0.00 ��
��6((��
�3�����(�

���
������� 0̂�3����39���(
��6((��
�3�����(�
�������^0��"
j�� (ICDD File no. 75-1607) ��� 

PbZrO3  9̂'���2�
��
����39�����6((��
02<
��(�� 63.��&'�*!���
��&� BiFeO3 ���������^
���� 

PbZrO3 *�' x �* ���( 0.02 4(� � �������2�
��
����39�����6((��
02<
��(�����  �� ���
�
"�� ��&'�

�
���-��� PbZrO3 �4�'�����9������ x = 0.10 �3�(�� 4(2�
��
����39�6((��
02<
��(�� 63.

2�
��
���� ��.��3�'������2�
��
���6((
��2(w�#
�3 (
��3 XRD ��
#) ������������4(� � 

63**��4�
����"�
0�����#�3
�3�"���
���-��� BiFeO3 *�'�4�'��9��#��� �����
"
����(��


��3�'���H�63.��(�"�*���#���3
�*
�� 4(� � *�' x = 0.00 4(�)-	=�����
��0*�' 230 ��/��^3�^��� 9̂'�

�����)-	=�����
��3�'���H�����H��H�
02
���3
�*
��6((��
02<
��(���������H�4�
����3
�*
��
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*�'��2�
��
�������6((���(�� 63.��&'�*!���
��&� BiFeO3 �4�'��9�� 4(� � �)-	=�����
��0�.3#3�

"��3!�#�( ��&'�4���
-�� ��#���3
�*
������)# (�max) 4(� � ��5 ��6
� ��&'��
���-��� BiFeO3 

�4�'��9�� � � �max ��� ��4�'��9��"��3!�#�( �� ���
�
"����&'� x = 0.08 �3�(4(� �� � �max ��� �3#3�63.

3#3��� ��" ���&'����&'��
���-����4�'��9�� ������������4(� � *�' x �* ���( 0.00 �
�H�#���3
�*
����

3��:-.����4��6	3� (Shape peak) 9̂'�����3��:-.�����
��3�'���H�6((I�(43�� ( First order 

phase transition) 63.��&'��
���-��� BiFeO3 �4�'��9�� 4���
�'���3��:-.j������� (Broad peak) ���

�9��"��3!�#�( 9̂'�����3��:-.�����
��3�'���H�6((" ���&'�� ( Diffuse phase transition)  

 

11. ������
���

 KNbO3 

 /9�:���
�"
������39��
���
".��'�246*��^�����2��(" (KNbO3) 2#���<������
���

�1��.���6�
�6((#�#6�3� 2#���
�5�246*��^������^��3"2�2��w�#
"������
"���"�� 

(6*�246*��^�����
0(���"*�'�5�����<�#����#��) 2#�*!���
/9�:�4@"��

�*������
��������


"���"��2#��*�����*�
02��
�����"
������3^�� (Thermo gravimetric analysis; TGA) 63.�*����

#�H�H�
0�
��5��3�*�
0��3����3^�� (Differential thermal analysis; DTA). �4&'�	��)-	=���*�'

�	��.������
���6�3�^�0 ���39�*�'�"
����#�=��	3�������
���6�3�^�01���!���"
����(

��
���#�H��4�
�H���"063.����(
��)*<��2#��*������
�3�����(����
������� 0̂ (X-ray 

diffraction technique; XRD) 63."
����(��-j����*��2#��3����)3*

/�0���3
�"
��6((� ��

�
�# (Scanning electron microscope; SEM) 4(� �����
1�����
�.	0���39��
���
".��'�

246*��^�����2��(" (KNbO3) �#�=��	3�������
���6�3�^�0*�'�)-	=��� 550 ��/��^3�^��� 

������3� 20 ��*� (	
&������ �) 2#��5���"
���
�9��3�����)-	=����* ���( 20 ��/��^3�^���" �

��*� 2#����39�*�'�"
����#���
��6((��
�3�����(����
������� 0̂��#�3�����(
��6((��
�3�����(�

���
������� 0̂246*��^�����2��("��"
j�� JCPDS no.32-0822 9̂'���2�
��
����39�6((��2<


��(�� (Orthorhombic) �39���
��
 ���3����39���� �� �����"4(3��:-.�39�*�'6"�" ��^9'�6�#�19�

�H��42
�3�
0	
&��H�6�3��3���&'��# 2#����#�39��I3�'� (Mean crystalline size; D) ��&'�

�!���-���
��6((��
�3�����(����
������� 0̂ 4(� ���� ��* � 33.15�9.22 ��2���"
 9̂'������ �

������ ����#��)=���I3�'�*�'�����"�#����
������3����)3*

/�0���3
�"
��6((� ���
�#*�'��� �

�* ���( 222.14�81.51 ��2���"
 *��������������3�����
���.�3) �	
&���
��("�����������39� 

�������������4(� ��)-	=���63.��3�����
���6�3�^�0 ���3" ���
�"�(2"����39� �����"�#����


��6((��
�3�����(����
������� 0̂���#4��*�'����9�� � �63"*�^4�
����"�
063.���#�39��I3�'� (D) *�'

�!���-�#���� ��4�'��9����&'��)-	=���63.��3�����
���6�3�^�0�4�'��9�� 
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12. ���39���
.(( NaNbO3 

*!���
/9�:���
�"
������39��
���
".��'�2^�#�����2��(" (NaNbO3) 2#���<���
�����
�.	0

6((����	�� (Combustion technique) 2#��5�2^�#������"
* (NaNO3) 63.��2��(����4�".���

�^#0 (Nb2O5) ������
"���"�� 2#�����3^�� (NH2CH2COOH) ������
�5&���43�� 2#�*!���
/9�:�

��*<�43�����"
�� ��2#�2�3
.	� ����
"���"��" ���
�5&���43�� (�) *�'���3" ���
���#�H��4

�
�H���"0���2^�#�����2��(" 63./9�:���*<�43����)-	=���*�'�5�����
���6�3�^�0��&'�

��"
�� ��
.	� ����
"���"��" ���
�5&���43�� (�) ��*�' �������"
����(���3��:-0������39�*�'

�"
����#�2#��*������
�3�����(����
������� 0̂ (X-ray diffraction technique; XRD) 63.��
&'��H�

�
��*
���H�
0����H
��
#����2"���"�
0 (Fourier transform infrared spectrometer; FTIR) 

�������"
����(��-j����*��2#��3����)3*

/�0���3
�"
��6((� ���
�# (Scanning electron 

microscope; SEM) ����3��
*#3��� ��6
�4(� �*�'��"
�� �� � � 0.7 �.�� ���#�����
�����


����	�� 63.�� ���#�H��4�
�H���"0�����39� ��&'���"
�� �� � � 0.7 �9����#�����
�����
���

�	��63."
��4(�H��4�
�H���"0���2^�#�����2��(" *�'��
��6((��
�3�����(����
������� 0̂

��#�3�����(
��6((��
�3�����(����
������� 0̂��"
j�� JCPDS no.82-0606 �����


"
����(��8j����*��4(� � ��)=��*�'�"
����#���3��:-.����*
�3��(�/�0��'�	3�'���)�I�� 2#�

���#��)=���I3�'�������39�*�'�"
����#���� �
.	� �� 55 19� 600 ��2���"
  *��������&'���"
�� �� � 

� 1.0 4(� �������4(�H��4�
0
�H���"063�� ���"
��4(�H�6�3��3�������2��(����4

�".����^#0̂ 9'�������
"���"��	3��	3&����  9̂'��H�#���3 ���.���
���-����9����&'���"
�� �� � 

�4�'�����9��  ����3��
*#3��� ��*�'��� ��&'��!����39�*�'�"
����#������<���
�����
�.	06((���

�	��2#��5� � = 1.0 ��� ���
.(����
���6�3�^�0*�'�)-	=���" ��; ������3� 4 5�'�2�� 4(� � 

��&'��)-	=����4�'�����9�� 
��6((��
�3�����(����
������� 0̂6�#�19���
3#3�����
���-�H�

6�3��3�������2��(����4�".����^#0 63.6�#��H��4�
�H���"0���2^�#�����2��("

(
��)*<�� ��&'����39�� ����
���6�3�^�0*�'�)-	=����� ������ 400 ��/��^3�^��� ����"���� �� ���


�
"�� 4(� ��)-	=���*�'����9���.� ��3" ���
�4�'��9��������������39�������39�#��� �����"���

��
����9��63.��
6��������4��*�'���#��
��6((��
�3�����(����
������� 0̂ 
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Abstract Polycrystalline samples of Pb[(1 - x)(Zr1/2Ti1/2)

- x(Zn1/3Ta2/3)]O3, where x = 0.1–0.5 were prepared by the

columbite and wolframite methods. The crystal structure,

microstructure, and dielectric properties of the sintered

ceramics were investigated as a function of composition via

X-ray diffraction (XRD), scanning electron microscopy

(SEM), and dielectric spectroscopy. The results indicated that

the presence of Pb(Zn1/3Ta2/3)O3 (PZnTa) in the solid solu-

tion decreased the structural stability of overall perovskite

phase.A transition from tetragonal to pseudo-cubic symmetry

was observed as the PZnTa content increased and a co-exis-

tence of tetragonal and pseudo-cubic phaseswas observed at a

composition close to x = 0.1. Examination of the dielectric

spectra indicated that PZT–PZnTa exhibited an extremely

high relative permittivity at the MPB composition. The per-

mittivity showed a ferroelectric to paraelectric phase

transition at 330 �C with a maximum value of 19,600 at

100 Hz at the MPB composition.

Introduction

Lead zirconate titanate Pb(Zr1-xTix)O3 perovskite solid

solutions (PZT) are normal ferroelectric ceramic materials

with many important practical applications including pie-

zoelectric devices, ferroelectric memories, high e capacitors,
and infrared pyroelectric detectors, by utilizing their excel-

lent piezoelectric, ferroelectric, and pyroelectric properties

[1, 2]. The anomalous piezoelectric properties of PZT

ceramics near the morphotropic phase boundary (MPB)

separating two ferroelectric phases, namely, rhombohedral

and tetragonal phases at low and high Ti contents, respec-

tively [3]. Recently, the new free energy formulation

automatically predicts equilibrium PZT phase diagram with

two-phase region replacing the linear MPB and satisfying

the Gibbs phase rule [4]. Identifying the MPB in the phase

equilibria in ferroelectric systems is very important in order

to obtain the optimum electrical properties. Therefore, most

commercial ferroelectric ceramics are designed in the

vicinity of the MPB with various doping schemes in order to

take advantage of the superior dielectric and piezoelectric

properties [5, 6].

Recently, many piezoelectric ceramic materials have

been developed from binary systems containing a combi-

nation of normal ferroelectrics with tetragonal symmetry

and relaxor ferroelectrics with rhombohedral symmetry

near the MPB. These systems can yield high dielectric

permittivities such as in PMN–PT [7] and PZN–PT [8],

excellent piezoelectric coefficients such as in PZN–PZT [9]

and PSN–PT [10], and high pyroeletric coefficients such as

in PNN–PT–PZ [11]. The low phase-transition temperature

of some members of the lead-based tantalate family

Pb(B1-xTax)O3, in which B is Zn2+, Mg2+ and Ni2+, make

them important candidates for utilization in devices such as

low-temperature capacitors and actuators for space appli-

cations [12]. Lead zinc tantalate Pb(Zn1/3Ta2/3)O3 solid

solutions (PZnTa) possess the perovskite structure and

exhibit relaxor ferroelectric behavior. Nevertheless, syn-

thesis of perovskite lead zinc tantalate Pb(Zn1/3Ta2/3)O3
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(PZnTa) has been unsuccessful until now [13]. It is well-

known that during the phase-formation process of lead-

based perovskite materials a pyrochlore-type phase

(A2B2O7-d) with low dielectric permittivity precedes the

formation of the perovskite phase. The failure can be

attributed to the higher covalency of Zn2+ and Ta5+ as well

as to the somewhat larger ionic size of Zn2+ as compared to

the sixfold lattice sites formed by the oxygen octrahedra. A

columbite–wolframite process was then introduced to

promote the development of the perovskite phase and to

suppress the formation of the pyrochlore phase [13–15].

Since both PZT and PZnTa have the perovskite structure,

it is suggested that PZnTa can be alloyedwith PZT in order to

stabilize and optimize the PZnTa ceramics. Recently our

previous work [9, 16] has shown promise in producing

phase-pure perovskite solid solutions based on Pb(Zr1/2Ti1/2)

O3–Pb(Zn1/3Nb2/3)O3 (PZT–PZN) via the columbite

method. The binary system of (1 - x)PZT - xPZN exhib-

ited twoMPBs at the compositions x = 0.5 and x* 0.2–0.3.

The maximum value of d33 ([600 pC/N) and the highest kp
(*0.7) were recorded for the composition x = 0.3. In

addition, Nb and Ta belong to the same group in the periodic

table and the have the same ionic radii. It is expected that

excellent properties can be obtained from ceramics in PZT–

PZnTa system. So far, there have been no systematic studies

on the structural and dielectric properties over the entire

range of PZT–PZnTa solid solutions. In the present study,

PZT and PZnTa were chosen as end components to prepare

solid solutions via a columbite–wolframite precursor

method. Crystal structure and microstructure were investi-

gated by XRD and SEM analysis, respectively. Finally, the

dielectric properties of PZT–PZnTa ceramics were deter-

mined as a function of temperature and frequency to

establish structure–property relationships.

Experimental

The perovskite-phase powders were synthesized using a

columbite–wolframite precursor method in order to avoid

the formation of a pyrochlore phase. Powders of ZnO

(99.9%), Ta2O5 (99.9%), PbO (Fluka,[99% purity), TiO2

(99.8%), and ZrO2 (99%) were used as the starting mate-

rials. The following reaction sequences are proposed for

the formation of PZT–PZnTa:

ZnO sð Þ þ Ta2O5ðsÞ ! ZnTa2O6ðsÞ ð1Þ
ZrO2 sð Þ þ TiO2 sð Þ ! ZrTiO4 sð Þ ð2Þ
PbO sð Þ þ ð1� xÞ=2 ZrTiO4ðsÞ þ x=3 ZnTa2O6 sð Þ

! Pb 1� xð Þ Zr1=2Ti1=2
� �� x Zn1=3Ta2=3

� �� �
O3 sð Þ ð3Þ

The columbite precursor ZnTa2O6 was prepared from the

reaction between ZnO and Ta2O5 at 1,100 �C for 4 h and

then ZrO2 was reacted with TiO2 at 1,400 �C for 4 h to form

ZrTiO4. The precursors ZnTa2O6, ZrTiO4 and PbO (with

2 mol% excess PbO) were weighed according to the com-

positions of Pb[(1 - x)(Zr1/2Ti1/2) - x(Zn1/3Ta2/3)]O3 with

x = 0.1–0.5. Each mixture of the starting powders was

milled and mixed in a ball mill, as well as wet-homogenized

with ethanol using nylon-coated YTZ zirconia milling as

media for 18 h. After drying, the mixtures were calcined at

700–950 �C for 4 h in an alumina crucible and configured

with a heating rate of 20 �C/min. The calcined powders were

milled for 3 h in order to reduce the particle size. After

grinding and sieving, the calcined powders were mixed with

5 wt% polyvinyl alcohol binder and uniaxially pressed into

pellets. Binder burnout occurred by slowly heating to 500 �C
and holding for 2 h. Sintering occurred between 1,100 and

1,250 �C with a dwell time of 4 h. To mitigate the effects of

lead loss during sintering, the pellets were sintered in a

closed alumina crucible containing PbZrO3 powder. PZT–

PZnTa ceramics were subsequently examined by room

temperature X-ray diffraction (XRD; Philips PW 1729

diffractometer), using Ni-filtered CuKa radiation to identify

the perovskite structure. The relative amounts of perovskite

and pyrochlore phase were then determined by measuring

the primary X-ray peak intensities of the perovskite and

pyrochlore phase. The density of the sintered PZT–PZnTa

pellets was measured by the water immersion method

(Archimedes method). The relative density of all the sin-

tered pellets in this study was approximately 94–96% of

the theoretical density. To determine the dielectric prop-

erties, the maximum density sample for each composition

samples was ground on both surfaces and silver electrodes

were applied using a low-temperature silver paste by firing

at 500 �C for 30 min. The capacitance was measured with

a HP4284A LCR meter in connection with a sample holder

(Norwegian Electroceramics) capable of high temperature

measurement. The relative permittivity (er) was calculated
using the geometric area and thickness of the discs.

Result and discussion

The XRD patterns of (1 - x)PZT - xPZnTa ceramics with

various x values are shown in Fig. 1. The patterns show a

single-phase perovskite for the compositions x = 0.1 and

0.2. A cubic pyrochlore phase Pb1.83(Zn0.29Ta1.71)O6.39

(Powder diffraction Files No. 34-395), identified with ‘‘*’’,

began to develop at x = 0.3 and increased in intensity with

increasing PZnTa concentration. No evidence of a cubic

phase of Pb1.49Ta2O6.28 (Powder diffraction Files No. 84-

1732) was found. These results indicate that the presence of

PZnTa in the solid solution decreased the structural stability

of the PZT perovskite phase due to its tolerance factor and

electronegativity [13]. It is interesting to note that the pure
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perovskite phase in (1 - x)PZT - xPZnTa can only be

obtained for x B 0.2. This is a significant contrast to the

(1 - x)PZT - xPb(Zn1/3Nb2/3)O3 system in which the

perovskite phase can be obtained up to x B 0.5. The results

indicate that it is more difficult to obtain a pure perovskite

phase in tantalate systems than in niobates.

Although Nb and Ta belong to the same periodic group,

Ta5+ has stronger covalent properties [17]. It is well known

that an increase in covalent bond strength decreases the

thermodynamic stability of the perovskite structure [13].

This is likely the main reason it is difficult to obtain the

perovskite phase in the tantalate system. Studies on the

stabilization of the perovskite phase in solid solutions of

PZN and PZnTa with BT, PMN and PMT also showed an

easier stabilization of the perovskite structure in PZN, due

to the higher ionic strength of Nb–O bonds [18].

SEM micrographs of a fractured surface of PZT–PZnTa

ceramics are shown in Fig. 2a and b, respectively. The

micrograph of 0.9PZT–0.1PZnTa (Fig. 2a) shows a highly

homogeneous microstructure. These micrographs indicate

that average grain size was in the range of 1.27 lm, and the

fracture occurred mostly by intergranular mechanisms. The

0.5PZT–0.5PZnTa ceramic showed a very heterogeneous

microstructure (Fig. 2b) with a large amount of pyrochlore

phase, as XRD patterns also indicated.

The PbZrO3–PbTiO3 phase diagram predicts that at

room temperature Pb(Zr1/2Ti1/2)O3 falls within the tetrag-

onal phase field near the MPB. The crystal symmetry for

PZnTa-based perovskite is cubic at room temperature.

Below the phase transition temperature the symmetry

changes to rhombohedral. Since PZnTa has a low phase

transition temperature, with increasing x the crystal sym-

metry should change due to the decrease in phase transition

temperature. It is well known that in the pseudo-cubic

phase the {2 0 0} profile will show a single narrow peak

because all the planes of {2 0 0} share the same lattice

parameters, while in the tetragonal phase the {2 0 0}

profile should be split into two peaks with the intensity

height of the former being half of the latter because the

lattice parameters of (2 0 0) and (0 2 0) are the same but

are slightly different from those of (0 0 2).

Figure 3 shows the evolution of the (2 0 0) peak as a

function of composition. At low PZnTa concentrations, the

XRD pattern shows strong (200) peak splitting which is

indicative of tetragonal symmetry. As the PZnTa concen-

tration increased, the (2 0 0) reflection transformed to a

single peak which suggests pseudo-cubic symmetry. To a

first approximation, it could be said that the compositionwith

x = 0.1 is close to theMPB, where the structure of the PZT–

PZnTa compositions gradually shifts from tetragonal to

pseudo-cubic symmetry as the PZnTa content increased.

Dielectric data described later further supports this

Fig. 1 XRD patterns of (1 - x)PZT - xPZnTa ceramics prepared

by columbite–wolframite method as a function of composition

Fig. 2 SEM images of the grainmorphology in (1 - x)PZT - xPZnTa
ceramics for (a) x = 0.1 and (b) x = 0.5
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assumption. It is interesting to note that the influence of the

addition of PZnTa on the phase transition of Pb(Zr1/2Ti1/2)O3

is similar to that of the Pb(Zr1/2Ti1/2)O3–Pb(Ni1/3Nb2/3)

O3, Pb(Zr1/2Ti1/2)O3–Pb(Co1/3Nb2/3)O3, and Pb(Zr1/2Ti1/2)

O3–Pb(Zn1/3Nb2/3)O3 systems [9, 19–21].

The characteristic temperature dependence of the

dielectric constant at 100 Hz for (1 - x)PZT - xPZnTa,

where x = 0.1–0.5, is shown in Fig. 4. The transition tem-

peratures and maximum dielectric constants of the 0.9PZT–

0.1PZnTa ceramics in this work were 330 �C and 19,600,

respectively. The frequency dependence of dielectric prop-

erties for x = 0.1 and 0.5 ceramics are shown in Fig. 5a and

b. For 0.9PZT–0.1PZnTa (Fig. 5a), the dielectric constants

peak is sharp and approaches19,600. The dielectric proper-

ties of 0.9PZT–0.1PZnTa ceramic change significantly with

temperature, but are nearly independent of frequency, except

in the vicinity of the phase transformation temperature [22,

23]. This is a typical characteristic of ferroelectric ceramics

with a long-range ordered structure. It is well known that

PZT exhibits normal ferroelectric behavior and PZnTa is a

relaxor ferroelectric material as a result of a short-range

ordered structure with a nanometer scale compositional

heterogeneity [24]. The nature of the homogeneously

polarized states is believed to be primarily controlled by the

concentration of PZnTa. When PZnTa is added to form the

binary system with PZT, a clear shift of the transition tem-

perature to lower temperatures was observed. Furthermore,

the dielectric peak broadened indicating an increase in the

diffuseness of the phase transition. It should also be noted

here that, in all compositions, the dielectric properties

increased significantly at high temperatures as a result of

thermally activated space charge conduction. The variation

in the transition temperature with composition and other

dielectric data is listed in Table 1. The Curie temperature

significantly decreased with increasing PZnTa content up to

30 mol%. However, for the compositions 0.3 B x B 0.5,

transition temperature remained at a nearly constant value

between 200 and 225 �C. This is consistent with the X-ray

Fig. 3 XRD pattern of the (200) peak of (1 - x)PZT - xPZnTa
ceramics, for x = 0.0–0.5

Fig. 4 Variation of the dielectric constant with temperature for (1 - x)
PZT - xPZnTa ceramics at 100 Hz

Fig. 5 Temperature and frequency dependence of the dielectric

properties for: (a) x = 0.1 and (b) x = 0.5 ceramics
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diffration findings that indicated the co-existence of a

pyrochlore phase for these compositions.

A modified Curie–Weiss law can be used to model the

dielectric behavior of a normal ferroelectric in solid solu-

tion with a relaxor ferroelectric with a diffuse phase

transition. The formulation is as follows:

e0m
e0 f ; Tð Þ ¼ 1þ T � Tm fð Þð Þc

2d2c
ð4Þ

where 1 B c B2. When c = 1, Eq. 4 simplifies to the

Curie–Weiss law; when c = 2 this equation describes the

ideal relaxor behavior with a quadratic dependence. The

Table 1 Dielectric properties

of (1 - x)PZT - xPZnTa
ceramics at 100 Hz

PZTa

content (x)
er at room
temp.

tan d at room

temp.

Tmax (�C) er at Tmax tan d at Tmax dc (�C) c

0.1 1,430 0.0102 330 19,600 0.193 13.51 1.74

0.2 1,280 0.0429 285 6,310 0.081 22.36 1.98

0.3 1,500 0.0282 225 6,290 0.066 21.11 1.89

0.4 1,340 0.0289 210 7,410 0.072 12.57 1.80

0.5 1,520 0.0163 200 5,690 0.039 11.87 1.72

Fig. 6 Plots of log[(em/e) - 1)]

vs. log(T - Tm) for (1 - x)
PZT - xPZnTa ceramics. The

solid lines are fits to Eq. 5. c, d
and R2 indicate fitting

parameters (c and d) and
correlation of the fit (R2)
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parameter e0m is the maximum value of the relative

permitivity at T = Tm (f) and e0 f ; Tð Þ is the relative per-

mittivity of the sample. If log e0m=e0 f ; Tð Þ � 1½ � is plotted
versus log T � Tm fð Þ½ �; the values of c and dc can be

determined as seen in Fig. 6. The parameter c was deter-

mined to be in the range of 1.72–1.98 and the diffuseness

parameter dc was measured to be 11.87–22.36, which

confirms the diffuse phase transitions in PZT–PZnTa due to

a high degree of disorder. The calculations suggest that the

addition of PZnTa into PZT leads to lower degree of dis-

order but can be attributed to the pyrochlore phase present

in high PZnTa-content compositions.

Conclusions

Ceramic solid solutions based on (1 - x) Pb(Zr1/2Ti1/2)

O3 - (x)Pb(Zn1/3Ta2/3)O3 (where x = 0.1, 0.2, 0.3, 0.4,

and 0.5) were prepared via a columbite–wolframite

method. The PZT–PZnTa solid solutions exhibit a single-

phase perovskite structure for x B 0.2. As the content of

PZnTa increases (i.e., x C 0.3), a secondary pyrochlore

phase Pb1.83(Zn0.29Ta1.71)O6.39 was formed. The results

indicate that it is more difficult to obtain pure perovskite in

tantalate solid solutions than it is in niobates solid solu-

tions. The dielectric response of 0.9PZT–0.1PZnTa is

closer to normal ferroelectric behavior, while the other

compositions exhibit a diffuse phase transition. Investiga-

tions of the structure and properties of the PZT–PZnTa

system over the range x = 0.1–0.5 have revealed an MPB

at x = 0.1, separating a tetragonal phase from a pseudo-

cubic phase. Examination of the dielectric spectra indicates

that PZT–PZnTa exhibits a high relative permittivity at the

MPB composition. The permittivity shows a ferroelectric

to paraelectric phase transition at 330 �C with a maximum

value of 19,600 at 100 Hz at the MPB composition.
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Abstract
A solid solution of lead zirconate–lead nickel niobate ceramics, Pb[Zr1−x(Ni1/3Nb2/3)x]O3
(PZNN) with x = 0.0–0.5, was synthesized via the columbite precursor method. The crystal
structures as well as the thermal and dielectric properties were investigated in terms of the lead
nickel niobate (PNN) concentration. X-ray diffraction indicated that all samples exhibited a
single-phase perovskite structure. At room temperature, Pb[Zr1−x(Ni1/3Nb2/3)x]O3 is
orthorhombic for a composition where x = 0, rhombohedral for the compositions where
x = 0.1, 0.2 and 0.3 and pseudo-cubic for compositions where x = 0.4 and 0.5. The results of
the addition of lead nickel niobate to the lead zirconate ceramic showed enhancement of the
room-temperature dielectric permittivity. Lead nickel niobate substitution also led to lower
transition temperatures. Furthermore, this transition from normal to relaxor FE ceramics was
typified by a quasi-linear relationship between the diffuseness parameter δγ and the PNN mole
fraction x.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the discovery of antiferroelectricity in the perovskite
structure in the 1950s, lead zirconate oxide (PbZrO3
or PZ) has been the focus of extensive experimental and
theoretical studies [1]. PbZrO3 has a phase transition
which occurs at ca 230 ◦C, but the transition from
the orthorhombic antiferroelectric (AFE) structure to the
rhombohedral ferroelectric (FE) structure a few degrees below
the paraelectric (PE) transition temperature has been reported
by several authors [2, 3]. Both AFE-to-FE and FE-to-PC
phase transitions are first order and show a thermal hysteresis
of around 10 ◦C [3, 4]. The structure of the PbZrO3 is
orthorhombic with a = 5.87Å, b = 11.74Å and c = 8.20Å.
Antiparallel shifts of Pb2+ ions in the PbZrO3 are responsible
for the quadrupling of the pseudo-cubic cell and the AFE
behaviour [5, 6]. The characteristic double hysteresis loop

3 Author to whom any correspondence should be addressed.

resulting from forward phase switching with zero remanent
polarization makes AFE material compositions suitable for
high charge storage applications [7, 8]. The most intensively
studied AFE PbZrO3 is chemically modified by adding Sn,
Ti, Nb and Ba or La to adjust the critical field for the
phase transition and to optimize properties for processing and
applications [3,4]. PbZrO3 was also studied for its microwave
dielectric properties, but it shows a dielectric relaxation near
microwave frequencies [9]. The FE relaxor PNN exhibits a
broad maximum in the dielectric constant and a diffuse phase
transition. Its Curie temperature is about −120 ◦C, and the
maximum dielectric constant is about 3500 at 1 kHz [10].

Recently, many piezoelectric ceramic materials have
been developed from binary systems containing combi-
nation types of piezoelectric materials which have high
piezoelectric and dielectric properties [7, 8]. Much
research has been done on solid solutions containing
PZ, such as Pb1−xBaxZrO3 (PBZ) [4], Pb(Zr1−x ,Tix)O3

0022-3727/08/125406+07$30.00 1 © 2008 IOP Publishing Ltd Printed in the UK
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(PZT) [1], PbZrO3–PbTiO3–Pb(Mg1/3Nb2/3)O3 (PZ–PT–
PMN) [11, 12], PbZrO3–PbTiO3–Pb(Zn1/3Nb2/3)O3 (PZ–PT–
PZN) [13–15] and Pb(Zn1/3Nb2/3)O3–PbZrO3 (PZN–PZ)
[16]. New piezoelectric ceramics for high-frequency ultra-
sonic transducer applications using modified PbZrO3 ceramic
compositions in a (1−x −y)PbZrO3 +xPb(Mn1/3Nb2/3)O3 +
yPbTiO3 system with an FE rhombohedral phase near the
AFE orthorhombic phase (0.0 < x � 0.1 and 0.0 < y � 0.2)
have been reported by Takeuchi et al [17]. Changes in the
electromechanical properties of ceramics with compositions
at the morphotropic phase boundary (MPB) in the rhombo-
hedral phase (y = 0.05 and x = 0.05 and y = 0.025 and
x = 0.1) were rather sharp, although no noticeable changes
could be observed in the lattice parameters. The anisotropy
of electromechanical coupling factors (kt/kp ratio) was 24 for
x = 0.05 and y = 0.00, which is a boundary composition
between the AFE orthorhombic phase and the FE rhombohe-
dral phase. One of the most famous systems is the solid solu-
tion of the PbNi1/3Nb2/3O3–PbTiO3–PbZrO3 (PNN–PT–PZ)
system which has a MPB at a lead zirconate (PZ) concentra-
tion around 0.20–0.45 [18, 19]. At these PZ concentrations
the longitudinal electromechanical coupling coefficient (k33)
in the compound reaches 0.8 [18]. As a part of a series of
investigations on the solid solution with PbZrO3, this study
deals with the PZ–PNN binary compound because no detailed
report on the structural and dielectric properties of this entire
system exists.

In this work, the effect of PNN substitution on the
phase transformation behaviour of PZ was investigated. The
phase structure, phase transitions and related properties are
studied by a differential scanning calorimeter and dielectric
measurement. Furthermore, the influence of the PNN content
in the system that was studied on the diffuseness of the
dielectric peaks is discussed.

2. Experimental

Ceramic powders with a composition of Pb[Zr1−x

(Ni1/3Nb2/3)x]O3 with x = 0.0–0.5 (hereinafter abbreviated
as PZNN) were synthesized using the columbite precursor
method in order to avoid the formation of a pyrochlore phase.
Commercial oxide powders of PbO, NiO and Nb2O5 (99.9%
purity, Aldrich Chemicals, USA) and ZrO2 (99% purity,
Aldrich Chemicals, USA) were used as the starting materials.
The columbite precursor NiNb2O6 was prepared from the
reaction between NiO and Nb2O5 at 1100 ◦C for 4 h and then
the precursor was mixed with PbO and ZrO2. Each mixture
of the starting powders was milled and mixed in a ball mill
as well as wet-homogenized with ethanol using nylon-coated
YTZ zirconia milling as media for 18 h. The mixture was
dried and reacted at 650–900 ◦C; dwell times of 4 h and heat-
ing/cooling rates of 20 ◦Cmin−1 in a closed alumina crucible
were utilized. Calcined powders were subsequently examined
by room-temperature x-ray diffraction (XRD;Philips PW1729
diffractometer) using Ni-filtered Cu Kα radiation to identify
the phases formed and the optimum calcination conditions
for the formation of PZNN powders. The calcined powders

Figure 1. XRD profiles of Pb[Zr1−x(Ni1/3Nb2/3)x]O3; x = 0.0–0.5
ceramics at optimum sintering conditions.

were milled for 3 h to reduce the particle size. After grind-
ing and sieving, the calcined powder was mixed with a 5wt%
polyvinyl alcohol binder and uniaxially pressed into a pel-
let. Binder burnout occurred by slowly heating the pellets
to 500 ◦C and holding them at that temperature for 2 h. Sinter-
ing occurred between 1100 and 1250 ◦C with a dwell time of
4 h depending on the composition. To mitigate the effects of
lead loss during sintering, the pellets were sintered in a closed
alumina crucible containing PbZrO3 powder. The density of
the sintered PZNN pellets was measured by the Archimedes
water immersion method. The relative density of all the
sintered pellets was approximately 94–96% of the theoreti-
cal density. Lattice parameters of the perovskite phases were
determined by Cohen’s method in conjunction with the least
squares method [20]. Ceramic morphologies were directly
imaged using scanning electron microscopy ((SEM) JEOL
JSM-840A). To determine the dielectric and FE properties, the
maximum density of each composition sample was mapped
on their major faces, and silver electrodes were made from
a low-temperature silver paste by firing at 500 ◦C for 30min
to enable electrical measurements to be taken. The relative
permittivity (εr) and dissipation factor (tan δ) of stress-free
samples were measured using an HP-4284A LCR meter. The
capacitance and dissipation factors of the samples were mea-
sured at 100Hz–1MHz; the temperature varied between 25
and 300 ◦C, and a heating rate of 2 ◦Cmin−1 was used during
the measurements. The phase transitions were also measured
by a differential scanning calorimeter (DSC 2920, TA Instru-
ment) between ambient and 350 ◦C at a rate of 10 ◦Cmin−1.

3. Results and discussion

3.1. Crystal structure

X-ray diffraction (XRD) was performed on the sintered
samples with the composition in the range x = 0.0–0.5. As
shown in figure 1, all samples exhibited the characteristics
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Figure 2. X-ray pattern of the (1 1 1), (2 0 0) and (2 2 0) peaks of Pb[Zr1−x(Ni1/3Nb2/3)x]O3; x = 0.1–0.5 ceramics.

of a single-phase perovskite structure. The XRD patterns of
the PZNN compositions show a combination of PZ and PNN
patterns with the symmetry varying between orthorhombic
and pseudo-cubic types. The PNN composition at room
temperature was determined to be cubic with the lattice
parameter a = 4.031Å, space group Pm3m. Superstructure
lines along with strong peaks are clearly observed in the
composition x = 0.0, indicating that this composition
belongs to the AFE phase. At room temperature, pure PZ
has an orthorhombic perovskite-type structure with lattice
parameters a = 8.231Å, b = 11.77Å and c = 5.881Å,
space group P2cb (no. 32) [21, 22]. For the composition
x = 0.0, the 0 0 4, 2 4 0, 1 3 0, 1 1 2 and 1 1 0 peaks are
observed, indicating that the major phase in this composition
had an orthorhombic symmetry which could be matched
with ICDD file no. 75–1607 [23]. However, for x = 0.1,
0.2 and 0.3, the enlarged profiles of the diffraction lines
1 1 1, 2 0 0 and 2 2 0 are shown in figure 2. Although
a single peak is indicated for 2 0 0, splitting was clearly
observed for 1 1 1 and 2 2 0, and therefore the crystal structure
is rhombohedral. These results indicate that the phase
transition from the orthorhombic to the rhombohedral phase
should be located between the composition x = 0.0–0.1.
The substitution of larger (Ni1/3Nb2/3)4+ ions with Zr4+

sites, implying the transition of the Pb[Zr1−x(Ni1/3Nb2/3)x]O3
structure from orthorhombic to rhombohedral as shown in
figure 2, may facilitate parallel displacement along the [1 1 1]
direction and the associated displacements of three oxygen
ions in the Pb[Zr1−x(Ni1/3Nb2/3)x]O3 structure, resulting in
an improvement in the ferroelectricity. The presence of a

polar axis in the [1 1 1] direction has been reported for the
FE rhombohedral structure [24]. For the composition x = 0.4
and 0.5, the XRD data show that splitting of the 2 0 0 and
1 1 1 peaks is not observed. Only a single 2 2 0 peak is
visible, indicating that the major phase in these compositions
has pseudo-cubic symmetry, reflecting the phenomenon that
these compositions have a transition temperature higher than
room temperature as shown in the dielectric section. With the
peaks properly indexed, a lattice parameter was determined
using UnitCell, a linear least squares refinement program.
The calculated lattice parameters of the perovskite structures
are presented in table 1. In the PZ–PNN system, the A site
is occupied by Pb2+ (0.1630 nm) ions, and the Ni2+, Nb5+

and Zr4+ ions occupy the B site of the ABO3 perovskite
crystal structure. The average ionic radius of B site ions in
the composition Pb[Zr1−x(Ni1/3Nb2/3)x]O3 can be calculated
from the following equation:

rB site = (1− x)[rZr4+ ] + x[ 13 rNi2+ +
2
3 rNb5+ ], (1)

where the ionic radii of Ni2+, Nb5+ and Zr4+ are 0.0830 nm,
0.0780 nm and 0.0860 nm, respectively [25]. In general,
the lattice parameters of the perovskite structure also
gradually decrease as x increases, undoubtedly because of the
introduction of the smaller nickel/niobium ion (r = 0.79Å)
into the zirconium site (r = 0.86Å), resulting in a decrease
in the unit cell according to the Vegard rule [26]. The
influence of the addition of Ni2+/Nb5+ ions on the lattice
constant of the Pb[Zr1−x(Ni1/3Nb2/3)x]O3 system is similar
to that of the PbZrO3–Pb(Cd1/2W1/2)O3 and the PbZrO3–
Pb(Mn1/2W1/2)O3 systems [27].
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Table 1. Characteristics of Pb[Zr1−x(Ni1/3Nb2/3)x]O3 ceramics with optimized processing conditions (R, rhombohedral; PC, pseudo-cubic).

Relative Relative
Crystal Lattice Tm (◦C) permittivity permittivity

x structure parameter (Å) at 100Hz at 25 ◦C at Tmax γ δγ

x = 0.1 R 4.149± 0.0061 200 325 13 000 1.06 7.9
x = 0.2 R 4.134± 0.0032 175 580 19 400 1.20 14.1
x = 0.3 R 4.126± 0.0025 155 960 17 200 1.39 16.3
x = 0.4 PC 4.110± 0.0040 123 1415 16 500 1.57 22.0
x = 0.5 PC 4.099± 0.0027 80 2635 12 000 1.70 30.3

Figure 3. Temperature dependence of the relative permittivity εr for
Pb[Zr1−x(Ni1/3Nb2/3)x]O3; x = 0.0–0.5 ceramics.

3.2. Dielectric and thermal properties

The compositional dependence of the dielectric response
characteristics for PZNN ceramics where the normal and
relaxor FE behaviour cross over is shown in figure 3
for the compositions x = 0.0–0.5 taken at measurement
frequencies of 0.1, 1, 10 and 100 kHz. For composition
x = 0.0, the relative permittivity increased slowly
until the temperature approached 230 ◦C. At 235 ◦C the
relative permittivity increased considerably, passing through
a maximum at about 236 ◦C. With further heating, the relative
permittivity decreased in accordance with the Curie–Weiss
law, εr = C/(T − To), where εr is the relative permittivity of
a stress-free sample, T is the temperature and C and To are
constants which, in this study, were 1.04 × 105 and 460.7K,
respectively. With an increase in the PNN concentration to
x = 0.3, the first-order dielectric features of the spontaneous
transformation became increasingly less distinct, whereas the
relaxor-like dielectric dispersion became increasingly more
pronounced, existing over a broader temperature range near
Tmax. These results clearly show that dielectric response
crossovers between the relaxor and the normal states exist
over a relatively wide PNN content range between x = 0.3
and 0.4. Upon increasing the PNN concentration to x = 0.5,
the ceramic exhibits a broad maximum of relative permittivity
with a strong frequency dispersion which is reminiscent of
the relaxor FE behaviour of a PNN crystal. The maximum
value of the relative permittivity decreases with increased
frequency. The dielectric dispersion below the transition

Figure 4. (a) Typical DSC curves for Pb[Zr1−x(Ni1/3Nb2/3)x]O3;
x = 0.0–0.5 ceramics. (b) Nonlinear decrease in latent heat with
increasing PNN concentration.

temperature reflects typical relaxor FE behaviour arising from
the responses of polar micro-domains with the spectrum of
relaxation time [28, 29].

From dielectric permittivity–temperature measurements
and also differential scanning calorimetry (DSC), we
investigated the nature of the FE–PE phase transitions in the
PZNN system. The transition temperature was determined
from both the latent heat anomaly in the DSC data and the
peak of the permittivity–temperature plots. Figures 4(a)
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Figure 5. Transition temperatures (Tmax) as a function of the
composition x.

and (b) show the results of the DSC for the PZNN system.
As shown in figure 4(a), two anomalies at about 229 and
235 ◦C have been observed for pure PbZrO3. The lower
temperature corresponds to the transition temperature of the
AFE → FE phase transition, while the higher temperature
corresponds to the FE → PE phase transition. The trend of
latent heat for the FE phase transition was found to lessen
with a progressive increase in the PNN content as shown in
figure 4(b). The tricritical point, the composition at which
a first-order transition becomes a second-order transition, is
close to the composition x = 0.3 which has a tolerance factor
of t ∼ 1.0 using the ionic radii of Shannon [25]. Choi
et al [30] reported that in Bi(Ni1/2Ti1/2)O3–PbTiO3 (BNiT–
PT) the tricritical point in the solid solution also corresponded
closely to t ∼ 1.0. Similar behaviour was also observed in
the Bi(Mg3/4W1/4)O3–PbTiO3 (BMW-PT) system by Stringer
et al [31] and in thePZTsystembyRossetti andNavrotsky [32].

A clear transition in Tmax (defined as the temperature
at which εr is maximum at 100Hz) is observed with Tmax
decreasing with x. The transition temperature (Tmax) as a
function of the mole fraction of PNN (x) is represented in
figure 5. A good linear relationship between Tmax and x

indicates that this system is a well-behaved and complete
solid solution, suggesting that the transition temperature of
the PZNN system can be varied over a wide range from −120
to 236 ◦Cby controlling the amount of PNN in the system. The
results show that PNN substitution produces a linear reduction
in the transition temperature (Tm) = 232.19−285x ◦Cwith the
concentration (x). ThePNNshifts the transition temperature of
this system at a rate of 28.5 ◦Cmol−1, agreeing quantitatively
with other lead-based perovskite systems [14, 19, 33].

The relative permittivity of normal FEmaterials above the
maximum relative permittivity temperatures can be expressed
by the Curie–Weiss law. However, the broad relative
permittivity of the relaxor FE composition more appropriately
follows the quadratic law. The relative permittivity can be

Figure 6. Double logarithmic plot of ln(1/ε − 1/εmax) versus
ln(T − Tm) for evaluating the diffusivity exponent γ for the
(Pb[Zr1−x(Ni1/3Nb2/3)x]O3ceramic.

derived via the following expression [34, 35]:

ε′
m

ε′(f, T )
= 1 +

(T − Tm(f ))γ

2δ2γ
(1 � γ � 2), (2)

where ε′
m is the maximum value of the permittivity at

T = Tm(f ), γ is the diffusivity and δ is the diffuseness
parameter. The value of γ is the expression of the degree
of dielectric relaxation while the parameter δγ is used to
measure the degree of diffuseness of the phase transition. The
limiting values γ = 1 and γ = 2 reduce expression (2) to the
Curie–Weiss law valid for the case of a normal FE and the
quadratic dependence valid for an ideal relaxor, respectively.
The quadratic dependence of 1/εr on temperature has been
claimed to be obeyed by several materials with diffuse phase
transition behaviour.

By plotting ln(1/ε − 1/εmax) versus ln(T − Tm), γ can
be determined directly from the gradient. Figure 6 gives these
results; the plotted lines for all specimens show remarkably
good linearity within the measured temperature range. Using
the intercept and slope of the lines in figure 6, δγ and γ for
each specimen are calculated and shown in figure 7. The
values of γ and δ illustrated in figure 7 vary between 1.06 and
1.70, confirming that a diffuse phase transition occurs in the
PZNNsystem. Both diffuseness parameters δγ andγ increased
with an increase in the mole fraction of PNN. As illustrated
in figure 7, a near-linear relationship was observed over the
wide compositional range which is consistent with a perfect
solid solution. The diffuseness of the phase transition in the
x = 0.5 composition can be attributed to the relaxor nature
of PNN.

The dielectric behaviour of Pb containing the relaxor
ferroelectrics is generally explained in the literature in terms
of small regions of local spontaneous polarization (so-called
polar regions) with a nanometre scale size [28, 36]. In a
mixed-perovskite system, where the same site is occupied
by two differently charged ions (e.g. Ni2+ and Nb5+ in the
case of the PNN), a self-limiting mechanism operates for the
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Figure 7. Dependence of γ and the degree of diffuseness (δγ ) for
Pb[Zr1−x(Ni1/3Nb2/3)x]O3, x = 0.1–0.5 ceramics.

average size of the ordered regions. Although the global value
of the Ni : Nb ratio in PNN is 1 : 2, the local value in the
unit cell is 1 : 1, resulting in a net charge for the unit cell,
a situation that cannot exist over too many unit cells. Small
ordered (polar) regions are therefore surrounded by disordered
regions to compensate for the charge imbalance. These ordered
polar regions exhibit relaxational behaviour as observed in the
dielectric measurements. There are several theories which
attempt to explain these properties. Such materials have some
features analogous to magnetic spin glasses [37]. As the
PNN content increases, the relaxor characteristic of PZNN is
observed to increase because the substitution of (Ni1/3Nb2/3)4+

for the B site ions Zr4+ increases the number of polar regions
as well as their size. The distribution of the relaxation times
depends on the distribution of the size and the polarization
strength of the polar regions. It is very possible that the region
size is diverse, leading to the broadening of the relaxation
time and an increase in the degree of frequency dispersion.
A similar tendency has also been observed in several prior
investigations [11, 14, 19, 38].

3.3. Microstructure characterization

Figures 8(a) and 8(b) show SEM images of the surfaces
of Pb[Zr1−x(Ni1/3Nb2/3)x]O3 ceramics at x = 0.2 and 0.5,
respectively. No plate-like grains were observed in either
sample, indicating the absence of pyrochlore formation. Other
compositions of the system also exhibited a high density and
an irregular grain size and shape. By applying the linear
interceptmethods to these SEMmicrographs, the average grain
size was calculated to be between 2.6 and 3.8μm for all the
samples. There was no systematic variation in the grain size
as a function of the composition according to the different
sintering schedules used.

4. Conclusions

For the first time, we have demonstrated the effect of
PNN in stabilizing the rhombohedral phase relative to

Figure 8. SEM micrographs of thermally etched surfaces of
Pb[Zr1−x(Ni1/3Nb2/3)x]O3 ceramics; (a) x = 0.2, (b) x = 0.5.

the orthorhombic phase in PZ powders and ceramics.
Relaxor FE PNN has been found to strongly influence the
phase development and dielectric responses of PZ ceramics.
The crystal structure data obtained from XRD indicate
that the solid solution Pb[Zr1−x(Ni1/3Nb2/3)x]O3, where
x = 0.0–0.5, successively transforms from orthorhombic to
rhombohedral to pseudo-cubic symmetry with an increase
in the PNN concentration. The dielectric constant
of Pb[Zr1−x(Ni1/3Nb2/3)x]O3 was found to increase with
increased PNN concentration. The PNN shows a clear trend
of a reduced temperature (Tm) of maximum permittivity (εm),
while slightly increasing the diffuse nature of the FE-to-
PE phase transition. Furthermore, the transition from the
normal FE to the relaxor FE state was clearly observed
as the mole fraction of the PNN increased. Furthermore,
this transition from the normal to the relaxor FE state was
typified by a quasi-linear relationship between the diffuseness
parameter δγ and thePNNmole fractionx. Optimumdielectric
properties were observed for the x = 0.4 composition with a
permittivity of 16 000.
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Structural transformation in antiferroelectric PbZrO3-relaxor ferroelectric
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The solid solution between the antiferroelectric �AFE� PbZrO3 �PZ� and the relaxor ferroelectric
�FE� Pb�Ni1/3Nb2/3�O3 �PNN� was synthesized by the columbite precursor method. The crystal
structure, phase transformations, and dielectric and thermal properties of �1−x�PZ-xPNN where
x=0.00–0.30 were investigated. With these data, the FE phase diagram between PZ and PNN has
been established. The crystal structure data obtained from X-ray diffraction indicate that the solid
solution PZ-PNN, where x=0.00–0.30, successively transforms from orthorhombic to
rhombohedral symmetry with an increase in the PNN concentration. The AFE phase→FE phase
transition occurs in compositions of 0.00�x�0.08. The AFE→FE phase transition shifts to lower
temperatures with higher compositions of x. The FE phase temperature range width increases with
increased PNN. Apparently the replacement of the Zr4+ ion by Ni2+ /Nb5+ ions decreases the driving
force for an antiparallel shift of Pb2+ ions because they interrupt the translational symmetry and
facilitates the appearance of a rhombohedral FE phase when the amount of PNN is higher than
8 mol %. © 2008 American Institute of Physics. �DOI: 10.1063/1.2956598�

INTRODUCTION

Since the 1990s, many studies on the phase transition
between the antiferroelectric �AFE� and the ferroelectric
�FE� phase in pure and compositionally modified lead zir-
conate �PbZrO3 �PZ�� ceramics have been completed.1–4

AFE PZ-based ceramics can undergo transformation from
AFE to FE with a large volume change under an external ac
bias, temperature, or hydrostatic pressure.5,6 The maximal
longitudinal strain reached 0.87%.7 These high-strain phe-
nomena have been investigated for applications including
charge-storage capacitors, large displacement actuators, and
shape memory devices.3,8 The relative stability of the AFE
and FE phases can be altered through chemical substitutions
such as Ba2+, Sr2+, and Ca2+ at the Pb2+ site9 and Ti4+ at the
Zr4+ site. The substitution of Ba2+ for Pb2+ in PZ is of con-
siderable interest for transducer applications since the vol-
ume change associated with the field forced AFE to FE tran-
sition increases with Ba2+ substitution.10 Also the switching
field for the AFE to FE transition decreases as a result of
Ba2+ substitution.11

Lead nickel niobate �Pb�Ni1/3Nb2/3�O3 �PNN�� is a re-
laxor FE having a Ni2+ and Nb5+ complex on the B-site of
Pb�B�B��O3 perovskite with a cubic symmetry at room
temperature,12 PNN-based ceramics are considered to pos-
sess low sintering temperatures and high permittivity, high
electrical resistivity, and diffuse phase transition characteris-
tics. Therefore, these materials can be used to fabricate
multilayer capacitors with low-temperature melting inner
electrodes.13,14 When PNN forms solid solutions with
Pb�Zr1−xTix�O3, the system exhibits excellent piezoelectricity
and becomes a potential candidate for use in actuators.15–17

Since PNN is a relaxor FE with a broad dielectric peak near
TC�−120 °C18 and PZ is AFE with a sharp maximum per-
mittivity at TC�230 °C, the Curie temperature in a PZ-PNN
system can be engineered over a wide range of temperatures
by controlling the amount of PNN in the system. Although
PZ ceramics have better dielectric breakdown strength than
PNN, the sintering temperature is also higher.9,13 Thus, mix-
ing PNN with PZ is expected to decrease the sintering tem-
perature of PZ ceramics, a desirable move toward lower-cost
electrodes.19 Moreover, since PZ-PNN is not a pure-relaxor
FE system, it is easier to prepare single phase ceramics with
a smaller amount of undesirable pyrochlore phases.14 Fur-
thermore, no work has been done on the metastable FE phase
induced by the B-site substitution in perovskite PZ. With
their complimentary characteristics, it is expected that excel-
lent properties can be obtained from ceramics in a PZ-PNN
system.

In this study, a metastable FE phase induced by a B-site
substitution was studied as a function of composition. The
columbite precursor method was used to synthesize the �1
−x�PbZrO3–xPb�Ni1/3Nb2/3�O3 �PZ-PNN� with x
=0.00–0.30. The structural phase and the dielectric and ther-
mal properties of PZ-PNN ceramics were investigated as a
function of composition x. Differential scanning calorimeter
�DSC� measurements were also used to study the details of
AFE to FE and FE to PE phase transformations accompanied
by an evaluation of the thermal behaviors of the PZ-PNN
samples. The results are discussed.

EXPERIMENTAL PROCEDURE

Perovskite-phase powders were synthesized using a
columbite precursor method to avoid the formation of a py-
rochlore phase. Commercial oxide powders of PbO, NiO,
Nb2O5 �99.9% purity, Aldrich Chemicals, Milwaukee, WI�,
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and ZrO2 �99% purity, Aldrich Chemicals, Milwaukee, WI�
were used as starting materials. NiNb2O6 was first formed at
1100 °C for 4 h, and then NiNb2O6 and ZrO2 were mixed
with PbO, according to the composition of �1
−x�PbZrO3–xPb�Ni1/3Nb2/3�O3, 0.00�x�0.30, with an ex-
cessive content of 2 mol % PbO.

Each mixture of the starting powders was milled and
mixed in a ball mill, as well as wet homogenized with iso-
propyl alcohol for 18 h using nylon-coated YTZ zirconia
milling as media. The mixtures were dried in an oven and
calcined at 900–950 °C for 4 h in a double crucible configu-
ration with a heating rate of 20 °C /min. After remilling, dry-
ing, and sieving, the various powders were cold pressed into
disks 15 mm in diameter and then sintered at temperatures
ranging from 950 to 1250 °C using a heating rate of
5 °C /min and a dwell time of 2 h in sealed alumina cru-
cibles. To limit the loss of PbO, the disks were covered with
PbZrO3 powder. X-ray diffraction �XRD� patterns of the sin-
tered pellets were measured using an x-ray diffractometer
�PW1729, Philips, Netherlands�. CuK� radiation with step
scanning was used with a step size of 0.02° and a scan rate of
2 s per step. The density of the sintered PZ-PNN pellets was
measured by water immersion �Archimedes method�. The
relative density of all the sintered pellets was approximately
95%–97% of the theoretical density. To determine dielectric
properties, the maximum density of each composition
sample was lapped on its major face. Silver electrodes were
made from a low-temperature silver paste by firing at 500 °C
for 30 min to enable electrical measurements to be taken.
Relative permittivity measurements were made using an au-
tomated measurement system consisting of an LCR meter
�HP-4284, Hewlett-Packard Inc.�. The relative permittivity
was then calculated from �r=Cd /�0A, where C is the capaci-
tance of the sample, d and A are the thickness of the sample
and the area of the electrode, respectively, and �0 is the di-
electric permittivity of the vacuum �8.854�10−12 F /m�. The
phase transition temperatures and enthalpy ��H� of the phase
transitions were determined by DSC at room temperature to
350 °C with a heating rate of 10 °C /min.

RESULTS AND DISCUSSION

Crystal structure

The XRD patterns of �1−x�PZ-xPNN ceramics with
various x values are shown in Fig. 1. A complete crystalline
solution of perovskite structure is formed throughout the
composition range without the presence of pyrochlore or un-
wanted phases. Ceramics with 0.02�x�0.08 have the same
crystal structure with pure PZ �x=0.00�, i.e., an orthorhom-
bic unit cell at room temperature. Furthermore, the XRD
patterns indicate that the replacement of Zr4+ by Ni2+ /Nb5+
ions apparently influenced the orthorhombic PbZrO3 struc-
ture. If the XRD pattern of PZ is indexed on the basis of the
pseudocubic cell, then 1

4 �h k l�-type superlattice reflections
representing the antiparallel shifts of Pb2+ ions will appear.20

In Fig. 1, all the indices were based on the pseudocubic
cell and the XRD patterns of the samples with 0.02�x
�0.08 showed the presence of 1

4 �h k l�-type superlattice
reflections. The intensity ratio of 004 /240 peaks and the rela-

tive intensity of 1
4 �h k l�-type superlattice reflections

�namely, 130 /112� decreased with increased Ni2+ /Nb5+ con-
tent, as shown in Fig. 2. According to Glaze,20 these types of
reflections represent antiphase tilting of the oxygen octahe-
dra without distortion. Furthermore, the PZ-PNN samples
with 0.1�x�0.3 showed only the fundamental reflections
of the pseudocubic perovskite cell. The relative intensity of
superlattice reflections decreased with increased PNN con-
tent, as shown in Fig. 2, demonstrating that the superlattice
disappeared with the addition of 10 mol % PNN. Figure 2
also shows the results for 1

4 �h k l�-type superlattice �1 1 1�,
�2 0 0�, and �2 2 0� reflections. The samples with x=0.1, 0.2,
and 0.3 had a split �1 1 1� and �2 2 0� reflection and a single
�2 0 0� reflection, confirming that the crystal structure of the
samples with x=0.1, 0.2, and 0.3 is primitive rhombohedral
perovskite. For a pure rhombohedral structure, the 2 0 0
group of reflections should be a singlet.

Furthermore, the specimens displayed a progressive
peak shift toward higher diffraction angle directions with in-
creased PNN. This phenomenon can be qualitatively ex-
plained with respect to the unit cell volume caused by the
Ni2+ /Nb5+ incorporation. According to Shannon’s effective
ionic radii with a coordination number of 6, the average ionic
radius of B-site ions �Ni1/3Nb2/3�4+ has a radius of 0.79 Å,
which is close to a radius of Zr4+ �0.86 Å�.21 Therefore,
�Ni1/3Nb2/3�4+ can enter into the sixfold coordinated B-site of
the perovskite structure to substitute for Zr4+ due to radius
matching. The structure of ABO3 type perovskites can be
viewed as a network of �BO6� oxygen octahedra. The substi-
tution of the relatively smaller �Ni1/3Nb2/3�4+ for the rela-
tively larger Zr4+ led to a decrease in the unit cell volume.
This radius effect is presumably responsible for the steady
shift of the XRD peak positions to higher diffraction angle
directions with increased PNN. The influence of the addition
of �Ni1/3Nb2/3�4+ on the phase structure of the

FIG. 1. XRD patterns of �1−x�PZ-xPNN; x=0.0–0.3 ceramics at the opti-
mum sintering conditions.
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PbZrO3–Pb�Ni1/3Nb2/3�O3 system is similar to the influence
of �Pb1−xBax�ZrO3.

5 The substitution of smaller
�Ni1/3Nb2/3�4+ ions with Zr4+ sites �which implies the transi-
tion of the PZ-PNN structure from orthorhombic to rhombo-
hedral, as shown in Fig. 2� may facilitate the parallel dis-
placement along a �1 1 1� direction and the associated
displacements of three oxygen ions in the PZ-PNN structure,
resulting in an improvement of ferroelectricity. The presence
of a polar axis in the �1 1 1� direction has been reported for
a FE rhombohedral structure.22

Phase transition and dielectric properties

The permittivity temperature dependences of �1
−x�PbZrO3–xPb�Ni1/3Nb2/3�O3 ceramics were measured at
several frequencies from 25 to 350 °C. Figures 3�a�–3�h�
show the relative permittivity versus temperature of �1
−x�PbZrO3–xPb�Ni1/3Nb2/3�O3 ceramics for compositions
x=0.00, 0.02, 0.04, 0.06, 0.08, 0.10, 0.20, and 0.30, respec-
tively, at frequencies of 100 Hz, 1 kHz, 10 kHz, 100 kHz,
and 500 kHz. For composition x=0.0, the relative permittiv-
ity increased slowly until the temperature approached
225 °C. Near 230 °C the relative permittivity increased
greatly, passing through a maximum at about 231 °C. With
further heating, the relative permittivity decreased in accor-
dance with the Curie–Weiss law, �r=C / �T−T0�, where �r is
the relative permittivity, T is the temperature, and C and T0

are constants which, in this study, were 1.04�105 and
460.7 K, respectively.

The substitution of PNN lowers the AFE to FE phase
transition temperature. The AFE to FE phase transition oc-

curs at 200, 150, and 105 °C for 0.02, 0.04, and 0.06, re-
spectively �see Figs. 3�b�–3�d��. The jumps in the relative
permittivity at the transition temperature are found to be
nearly 2250, 1240, and 650 for x=0.02, 0.04, and 0.06, re-
spectively. Furthermore, for x�0.08, no dielectric anomaly
corresponding to the AFE-FE transition is observed �Fig.
3�e��.

Since the AFE to FE transition decreases nearly linearly
at the rate of 22.5 °C /mol % of PNN with respect to its
value for pure PZ, the expected AFE to FE transition tem-
perature for the composition x=0.08 is around 64 °C. No
anomaly corresponding to AFE-FE transition in the compo-
sition x�0.08 was found. From these results, we can con-
clude that the AFE phase of pure PZ persists in the PZ-PNN
system for x�0.08 only. At the composition x�0.10, the
relative permittivity peak values became gradually higher in
parallel with the decrease in the transition temperature �Tm�.
The x=0.2 and 0.3 compositions showed a broadening of the
permittivity maxima, and the Tm increased with an increased
measurement frequency �Figs. 3�c� and 3�h��, indicating that
this composition shows a diffuse phase transition with a
strong frequency dispersion which is characteristic of relaxor
ferroelectricity.

The DSC technique was also used as the primary tool to
confirm the AFE-FE phase transition in the PZ-PNN system.
AFE-FE phase transition temperatures, enthalpy, and
paraelectric �PE� transitions are summarized in Table I. Fig-
ure 4 shows the results of the DSC analysis of the PZ-PNN
samples. As shown in Fig. 4, two distinct endothermic peaks
were observed for PZ-PNN samples with 0.0�x�0.08. The
lower temperature corresponds to the transition temperature

FIG. 2. XRD patterns of the 1
4 �h k l�-type superlattice reflections, �111�, �200�, and �220� peaks of �1−x�PZ-xPNN; x=0.0–0.3 ceramics.
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of the AFE→FE phase transition, while the higher tempera-
ture corresponds to the FE→PE phase transition. It is well
known that good quality ceramics as well as single crystal
samples of PZ show two distinct endothermic peaks around

230 and 215 °C corresponding to the PE to FE and FE to
AFE transitions, respectively, on heating and cooling.23,24

The AFE→FE phase transition was found in compositions
of 0.0�x�0.08. The peaks shift to lower temperatures with

FIG. 3. �Color online� Dielectric properties as a function of temperature on heating at a frequency of 1–500 kHz varies PNN concentration.

TABLE I. Characteristics of �1−x�PZ-xPNN ceramics with optimized processing conditions �R, rhombohedral;
O, orthorhombic�.

Composition
�x�

Crystal
structure �r room �r max

Phase transition
temperature �°C� Enthalpy �J/g�

AFE→FE FE→PE AFE→FE FE→PE

0.00 O 120 3 370 229.5 235.5 1.53 2.34
0.02 O 166 4 300 200.7 227.0 1.56 2.95
0.04 O 127 3 200 150.2 220.8 1.33 2.89
0.06 O 177 4 200 105.7 213.3 1.10 2.70
0.08 O 319 4 700 ¯ 205.5 ¯ 2.44
0.10 R 375 13 800 ¯ 200.2 ¯ 1.88
0.20 R 602 18 900 ¯ 175.3 ¯ 1.39
0.30 R 1120 18 200 ¯ 149.0 ¯ 0.16
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higher compositions of x. From Table I, the temperature
range width of the FE phase continuously increases progres-
sively with the PNN content. The temperature range widths
of the FE phase are around 6, 25, 70, and 101 °C for com-
positions x=0.00, 0.02, 0.04, and 0.06, respectively. Further-
more, the areas under two endothermic peaks in Fig. 4 de-
creased with increased PNN. Since those areas represent a
free-energy difference between the two phases, this result
indicates that the addition of PNN decreases the stability of
orthorhombic phase. Apparently the replacement of the Zr4+

ion by �Ni1/3Nb2/3�4+ ions decreases the driving force for an
antiparallel shift of Pb2+ ions because they interrupt the
translational symmetry.20 This interruption caused the ap-
pearance of a rhombohedral FE phase when the amount of
PNN was more than 8 mol %. Gotor et al.25 studied relation-
ships between the structure change of BaTiO3 and its en-
thalpy by using DSC. They found that the tetragonality �c /a�
of BaTiO3 is reduced along with the reduction in enthalpy.
However, in the present work, the decrease in �H is propor-
tional to the fraction ratio of the FE and PE phases in the
PZ-PNN. The tricritical point �the composition at which a
first-order transition becomes a second-order transition� is
close to the composition x=0.3, which has a tolerance factor,
t�1.0, using the ionic radii of Shannon.21 Choi et al.26 re-
ported that in the Bi�Ni1/2Ti1/2�O3–PbTiO3, the tricritical
point in the solid solution also corresponded closely to t
�1.0. Similar behavior was also observed in the
Bi�Mg3/4W1/4�O3–PbTiO3 system by Stringer et al.27 and
PZT by Rossetti and Navrotsky.28

Based on the results of XRD, dielectric properties, and
DSC data, the FE phase diagram for the �1−x�PZ-xPNN
binary system has been established �see Fig. 5�. The transi-
tion temperature decreases approximately linearly with x,
from TC=235 °C for x=0.0 to 149 °C for x=0.3. The phase
diagram consists of three distinct crystallographic phases in
this system: high-temperature PE cubic �Pm3m�, rhombohe-

dral �R3m�, and FE orthorhombic �P2cb �No. 32��. At low
concentrations of PNN x�0.08, the symmetry can be de-
fined as orthorhombic. The orthorhombic symmetry trans-
forms into rhombohedral at the composition near x=0.08.

CONCLUSIONS

Relaxor FE PNN has been found to strongly influence
crystal structure dielectric responses and thermal properties
of PZ ceramics. The crystal structure data obtained from
XRD indicate that the solid solution �1−x�PZ-xPNN, where
x=0.0–0.3, successively transforms from orthorhombic to
rhombohedral symmetry with increased PNN concentration.
The AFE→FE phase transition is found in compositions of
0.0�x�0.08. The AFE→FE phase transition shifts to lower
temperatures with higher compositions of x. The temperature
range width of the FE phase increases with increased PNN. It
is apparent that the replacement of the Zr4+ ion by Ni2+ /Nb5+
ions would decrease the driving force for an antiparallel shift
of Pb2+ ions because they interrupt the translational symme-
try. The dielectric properties of �1−x�PZ-xPNN was found to
increase with increased PNN concentration. PNN shows a
clear trend toward reducing the temperature �Tm� of maxi-
mum permittivity ��m�, while slightly increasing the diffuse
nature of the FE to PE phase transition. Furthermore the
transition from the normal FE to the relaxor FE state was
clearly observed as the mole fraction of PNN increased.
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Abstract The solid solution between the antiferroelectric
PbZrO3 (PZ) and relaxor ferroelectric Pb(Co1/3Nb2/3)O3
(PCoN) was synthesized by the columbite method. The
phase structure and thermal properties of (1−x)PZ–xPCoN,
where x = 0.0–0.3, were investigated. With these data,
the ferroelectric phase diagram between PZ and PCoN has
been established. The crystal structure data obtained from
XRD indicates that the solid solution PZ–PCoN, where
x = 0.0–0.3, successively transforms from orthorhombic to
rhombohedral symmetry with an increase in PCoN concen-
tration. The AFE→ FE phase transition was found in the
compositions of 0.0≤ x ≤ 0.10. The AFE→ FE phase tran-
sition shift to lower temperatures with higher compositions
of x. The width of the temperature range of FE phase was
increased with increasing amount of PCoN. It is apparent
that the replacement of the Zr4+ ion by (Co1/3Nb2/3)4+
ions would decrease the driving force for antiparallel shift
of Pb2+ ions, because they interrupt the translational sym-
metry. This interruption caused the appearance of a rhom-
bohedral ferroelectric phase when the amount of PCoN was
more than 10 mol%.

PACS 61.05.cp · 77.80.Bh · 65.40.-b · 77.22.-d · 77.80.-e ·
77.84.Dy
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1 Introduction

A lot of attention has been given to the lead zirconate,
(PbZrO3; PZ) and modified-PZ in several recent years as
regards theoretical, experimental and industrial applications
[1–3]. At room temperature PZ has an antiferroelectric
phase (AFE) which has an orthorhombic structure. It un-
dergoes the AFE to a paraelectric phase (PE) and trans-
forms from an orthorhombic structure to a cubic struc-
ture at 236 ◦C [1]. It is reported that there exists a ferro-
electric phase (FE) over a very narrow temperature range
(230–233 ◦C). The FE intermediate phase can also be intro-
duced by partial replacement of Pb2+ ions with A-site ions
such as Ba2+ ions [4] or La3+ ions [5]. Due to the differ-
ences of AFE and FE phases in the unit cell parameters, this
phase transition is accompanied by a nonlinear change in
physical properties, such as an abrupt jump in polarization
and strain, or a large charge release [4]. Lead cobalt nio-
bate Pb(Co1/3Nb2/3)O3 (PCoN) is one of the first known
relaxor ferroelectrics (RFE). The sub-micro-scale heteroge-
neous distribution of the B-cations is believed to be the ori-
gin of their relaxor nature, typically having a diffuse and
frequency-dependent maximum in the variation of the rel-
ative permittivity with temperature [6]. PCoN was first re-
ported by Smolenskii and Agranovskaya in 1958 [6, 7] that
PCoN displays typical RFE behavior with a maximum di-
electric constant occurring near −90 ◦C, and at 1 kHz [6].
Since PCoN is a relaxor ferroelectric with a broad dielec-

tric peak near Tc ≈ −90 ◦C and PZ is an antiferroelectric
with a sharp maximum in the permittivity at Tc ∼ 230 ◦C,
the Curie temperature in the PZ–PCoN system can be en-
gineered over a wide range of temperature by controlling
the amount of PCoN in the system. Although the PZ ce-
ramic has a better dielectric breakdown strength than PCoN,
the sintering temperature is also higher [3, 8]. Thus, mixing
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PCoN with PZ is expected to decrease the sintering tem-
perature of PZ-based ceramics, a desirable move towards an
electrode of lower cost [5]. Moreover, since PZ–PCoN is
not a pure-relaxor ferroelectric system, it is easier to prepare
single phase ceramics with a lower amount of undesirable
pyrochlore phases [9]. Furthermore, no work has been done
on the metastable FE phase induced by b-site substitution in
perovskite PZ. With their complementary characteristics, it
is expected that excellent properties can be obtained from
ceramics in the PZ–PCoN system.
In this study, a metastable FE phase induced by b-

site substitution was studied as a function of composi-
tion and temperature. The columbite precursor method was
used to synthesize the (1− x)PbZrO3–xPb(Co1/3Nb2/3)O3
(PZ–PCoN), with x = 0.00–0.30. The structural phase, mi-
crostructure and thermal properties of the PZ–PCoN ceram-
ics were investigated as a function of composition x. DSC
measurements were also used to study the details of AFE to
FE and FE to PE phase transformations accompanied with
an evaluation of the thermal behavior of the PZ–PCoN sam-
ples. The results were discussed.

2 Experimental procedure

The (1 − x)PbZrO3–xPb(Co1/3Nb2/3)O3 (PZ–PCoN),
0.00≤ x ≤ 0.30, ceramics were prepared using a columbite
precursor method in order to avoid the formation of a py-
rochlore phase. The columbite phase CoNb2O6 was formed
by reacting CoO (99.9%) with Nb2O5 (99.9%) at 1100 ◦C
for 4 hours. The raw materials of PbO, ZrO2 and CoNb2O6
were weighed and mixed. Each mixture of the starting pow-
ders was milled and mixed in a ball mill, as well as wet-
homogenized with ethanol for 18 h using YTZ zirconia
grinding media. The suspensions were dried and the pow-
ders were ground using an agate mortar and sieved into fine
powder. All obtained powders were calcined at 850 ◦C for
2 h. The calcined powders were milled for 3 hours for re-
duced particle size. After grinding and sieving, the calcined
powder was mixed with 5 wt% poly (vinyl alcohol) binder
and uniaxially pressed into a pellet. Binder burnout occurred
by slowly heating to 500 ◦C and holding for 2 hours. Sinter-
ing occurred between 1100–1250 ◦C with a dwell time of 4
hours depending on the composition. To mitigate the effects
of lead loss during sintering, the pellets were sintered in
a closed alumina crucible containing PbZrO3 powder. The
density of the sintered PZ–PCoN pellets was measured by
the water immersion method (Archimedes method). The rel-
ative density of all the sintered pellets was approximately
94–96% of the theoretical density. The phase transition tem-
peratures and enthalpy (�H) of the phase transitions were
determined by DSC. This was operated from room temper-
ature to 250 ◦C with a heating rate of 10 ◦C/min.

Fig. 1 XRD patterns of (1−x)PZ–xPCoN ceramics with x = 0.0–0.3
at the optimum sintering conditions

3 Results and discussion

Figure 1 shows XRD patterns of ceramics in the PZ–PCoN
system with a well crystallized perovskite structure for all
compositions. The pyrochlore phase was not observed in this
system at all. Ceramics with 0.02 ≤ x < 0.1 had the same
crystal structure with PZ, i.e., an orthorhombic unit cell at
room temperature. If the XRD pattern of PZ is indexed on
the basic of the pseudo-cubic cell, then 1/4(h k l)-type su-
perlattice reflections representing the antiparallel shifts of
Pb2+ ions will appear. In Fig. 1, all the indices were based
on the pseudo-cubic cell, and the XRD patterns of the sam-
ples with 0.02≤ x < 0.1 showed the presence of 1/4(h k l)-
type superlattice reflections. According to Glazer [10], these
types of reflections represent antiphase tilting of the oxygen
octrahedra without distortion. In Fig. 1, PZ–PCoN samples
with 0.1 ≤ x ≤ 0.3 showed only the fundamental reflections
of the pseudo-cubic perovskite cell. The relative intensity
of superlattice reflections decreased with increasing PCoN
content as shown in Fig. 2. This result demonstrates that
the superlattice disappeared with the addition of 10 mol%
PCoN. Figure 2 shows the results for 1/4(h k l)-type su-
perlattice reflections, (1 1 1), (2 0 0) and (2 2 0) reflec-
tions. The samples with x = 0.1, 0.2 and 0.3 had a split
(1 1 1) and (2 2 0) reflection and a single (2 0 0) reflection.
This results confirms that the crystal structure of the sam-
ples with x = 0.1, 0.2 and 0.3 is primitive rhombohedral
perovskite. For the pure rhombohedral structure, the 2 0 0
group of reflections should be a singlet. In the PZ–PCoN
system, the A-site is occupied by Pb2+ (0.1630 nm) ions,
and the Co2+, Nb5+ and Zr4+ ions occupy the B site of
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Fig. 2 XRD patterns of the
1/4(h k l)-type superlattice
reflections, and the (1 1 1),
(2 0 0) and (2 2 0) peaks of
(1− x)PZ–xPCoN ceramics
with x = 0.0–0.3

the ABO3 perovskite crystal structure. The average ionic
radius of B-site ions in the composition (1 − x)PbZrO3–
xPb(Co1/3Nb2/3)O3 can be calculated from the following
equation:

rB-site = (1− x)�rZr4+� + x�1/3rCo2+ + 2/3rNb5+�, (1)

where the ionic radii of Co2+, Nb5+ and Zr4+ are 0.0790,
0.0780 and 0.0860 nm, respectively [11]. In general, the lat-
tice parameters of the perovskite structure also decreased
gradually as x increased, undoubtedly because of the intro-
duction of the smaller cobalt niobium ion (r = 0.783 Å)
into the zirconium site (r = 0.86 Å), resulting in a de-
creasing of the unit cell according to the Vegard rule. The
effective size of the B-site ion increased with increasing
mole fraction of PCoN primarily due to the smaller ionic
radii of (Co1/3Nb2/3)4+. This shift in the B-site ionic ra-
dius is shown in the XRD data in Fig. 2 as the diffrac-
tion peaks are shifted toward higher angles. The influence
of the addition of Pb(Co1/3Nb2/3)O3 on the phase struc-
ture of the PbZrO3–Pb(Co1/3Nb2/3)O3 system is similar to
that of (Pb1−xBax )ZrO3 [12]. The substitution of smaller
(Co1/3Nb2/3)4+ ions with Zr4+ sites, which implies the
transition of the PZ–PCoN structure from orthorhombic to
rhombohedral as shown in Fig. 2, may facilitate the parallel
displacement along the [1 1 1] direction and the associated
displacements of three oxygen ions in the PZ–PCoN struc-
ture, resulting in an improvement of ferroelectricity. The
presence of a polar axis in the [1 1 1] direction has been
reported for the ferroelectric rhombohedral structure [13].
The DSC technique was used as the primary tool to inves-

tigate the influence of the addition of Pb(Co1/3Nb2/3)O3 on
phase transitions. Transition temperatures, including para-
electric (PE) transitions, are summarized in Table 1. Fig-
ure 3 shows the results of a differential scanning calorime-
ter (DSC) analysis of the PZ–PCoN samples. As shown in
Fig. 3, two distinct endothermic peaks were observed for

Fig. 3 Typical differential scanning calorimetry (DSC) curves for
(1− x)PZ–xPCoN ceramics with x = 0.0–0.3

PZ–PCoN samples with 0.0 ≤ x ≤ 0.10. The lower tem-
perature corresponds to the transition temperature of the
AFE → FE phase transition, while the higher temperature
corresponds to the FE → PE phase transition. It is well
known that the good quality ceramic as well as single crystal
samples of PZ show two distinct endothermic peaks around
230 ◦C and 215 ◦C corresponding to the PE to FE and FE
to AFE transitions, respectively, on cooling [14, 15]. The
AFE→ FE phase transition was found in the compositions
of 0.0 ≤ x ≤ 0.10. The peaks shift to lower temperatures
with higher compositions of x. From Table 1, the width of
the temperature range of FE phase continuously increases
with PCoN content. The width of the temperature range of
FE phase is around 17.2, 75.7, 123.3 and 176.9 ◦C for com-
position x = 0.00, 0.02, 0.04 and 0.06, respectively.
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Table 1 Characteristics of (1− x)PZ–xPCoN ceramics with optimized processing conditions (R, Rhombohedral; O, Orthorhombic)

Composition (x) Crystal
structure

Lattice parameter (Å) Phase transition
temperature (◦C)

Enthalpy (J/g)

a b c AFE→ FE FE→ PE AFE→ FE FE→ PE

0.00 O 7.27 9.92 8.21 208.4 225.6 1.19 2.63

0.02 O 7.25 9.92 8.21 145.2 220.9 1.60 3.44

0.04 O 7.23 9.91 8.21 92.8 216.1 1.71 3.47

0.06 O 7.27 9.92 8.2 33.3 209.9 1.03 2.83

0.08 O 7.25 9.93 8.22 – 204.6 – 2.78

0.10 R 4.11 – 199.4 – 2.40

0.20 R 4.10 – 182.0 – 1.20

0.30 R 4.09 – 158.2 – 0.44

It is of interest to note that the areas under two endother-
mic peaks in Fig. 3 decreased with increasing amount of
PCoN. Since those areas represent the free-energy differ-
ence between the two phases, this result indicates that the
addition of PCoN decreases the stability of the orthorhom-
bic phase. It is apparent that the replacement of the Zr4+ ion
by (Co1/3Nb2/3)4+ ions would decrease the driving force
for antiparallel shift of Pb2+ ions, because they interrupt the
translational symmetry. This interruption caused the appear-
ance of a rhombohedral ferroelectric phase when the amount
of PCoN was more than 10 mol%. Gotor et al. [16] studied
the relationships between the structure change of BaTiO3
and its enthalpy by using DSC. They found that the reduc-
tion of the tetragonality (c/a) of BaTiO3 is accompanied by
a reduction of the enthalpy. However, in the present work,
the decreasing of �H is proportional to the fraction ratio
of FE and PE phase in PZ–PCoN. Based on the results of
x-ray diffraction and DSC data, the phase diagram for the
(1 − x)PZ–xPCoN binary system has been established, as
shown in Fig. 4. The transition temperature decreases ap-
proximately linearly with x, from Tc = 225.6 ◦C for x = 0.0
to 158.2 ◦C for x = 0.3. The phase diagram consists of three
distinct crystallographic phases in this system; high temper-
ature paraelectric cubic (Pm3m), rhombohedral (R3m), and
ferroelectric orthorhombic (P2cb (no. 32)). At the low con-
centrations of PCoN with x < 0.1 the symmetry can be de-
fined as orthorhombic. The orthorhombic symmetry trans-
forms into rhombohedral at a composition near x = 0.1.
Figure 5(a) and (b) show scanning electron microscopy

(SEM) images of the fracture surfaces of the PZ–PCoN
ceramics at x = 0.02 and 0.2, respectively. No plate-like
grains were observed in both samples, indicating the ab-
sence of pyrochlore formation. Other compositions of the
system also exhibited a high density and an irregular grain
size and shape. By applying the linear intercept methods to
these SEM micrographs, the average grain size was calcu-
lated to be between 0.57 and 0.59 μm for all of the samples.
There was no systematic variation in grain size as a function

Fig. 4 Phase diagram of the (1 − x)PZ–xPCoN binary system with
x = 0.0–0.3 determined from room temperature XRD and DSC as a
function of temperature. The symbols refer to quantities as follows:
2 = the transition temperature from the antiferroelectric state (AFE)
to the ferroelectric state (FE); ! = the transition temperature from the
ferroelectric state (FE) to the paraelectric state (PE)

of composition according to the different sintering schedules
used.

4 Conclusions

We have been the first to demonstrate the effect of PCoN
in stabilizing the rhombohedral phase relative to the or-
thorhombic phase in PZ ceramics. The crystal structure
data obtained from XRD indicates that the solid solution
PZ–PCoN, where x = 0.0–0.3, successively transforms
from orthorhombic to rhombohedral symmetry with an in-
crease in PCoN concentration. The AFE→ FE phase tran-
sition was found in the compositions of 0.0≤ x ≤ 0.10. The
AFE → FE phase transition shifts to lower temperatures
with higher compositions of x. The width of the tempera-
ture range of the FE phase increases with increasing amount
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Fig. 5 Fracture surfaces of
(1− x)PZ–xPCoN ceramics
with (a) x = 0.02 and
(b) x = 0.2

of PCoN. It is apparent that the replacement of the Zr4+ ion
by (Co1/3Nb2/3)4+ ions would decrease the driving force
for an antiparallel shift of Pb2+ ions because they interrupt
the translational symmetry. This interruption caused the ap-
pearance of a rhombohedral ferroelectric phase when the
amount of PCoN was more than 10 mol%.
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Ceramics in a PZT–PCN system with the formula (1� x)Pb(Zr1=2Ti1=2)O3–(x)Pb(Co1=3Nb2=3)O3, where x ¼ 0:1{0:5, were
prepared using a solid-state mixed-oxide technique (the columbite-wolframite precursor method). The phase formation
behavior and microstructure were studied using X-ray diffraction (XRD) analysis and scanning electron microscopy (SEM),
respectively. The dielectric and ferroelectric properties of the compounds were studied and discussed. Phase-pure perovskites
of PZT–PCN ceramics were obtained over a wide compositional range. In addition, the XRD, dielectric, and ferroelectric
properties confirmed that the morphotropic phase boundary (MPB) composition between the tetragonal and pseudo cubic
phases of this system lied between 0:2 � x � 0:3. [DOI: 10.1143/JJAP.47.998]

KEYWORDS: ferroelectric properties, perovskites, MPB, phase transition

1. Introduction

Lead-based perovskite-type solid solutions consisting of
ferroelectric and relaxor materials have attracted more and
more fundamental and practical attention because of their
excellent dielectric, piezoelectric, and electrostrictive prop-
erties, which are useful in actuating and sensing applica-
tions.1) Recently, many piezoelectric ceramic materials have
been developed from binary systems containing a combina-
tion of relaxor and normal ferroelectric materials2) that yield
high dielectric permittivities [e.g., Pb(Zn1=3Nb2=3)O3–
PbTiO3 (PZN–PT)

3,4) and Pb(Zr1=2Ti1=2)O3–Pb(Ni1=3Nb2=3)-
O3 (PZT–PNN)5)], excellent piezoelectric coefficients [e.g.,
Pb(Zn1=3Nb2=3)O3–PbTiO3 (PZN–PT),3,4) Pb(Zr1=2Ti1=2)O3–
Pb(Zn1=3Nb2=3)O3 (PZN–PZT),6) and Pb(Sc1=3Nb2=3)O3–
PbTiO3 (PSN–PT)7,8)], and high pyroelectric coefficients
[e.g., Pb(Ni1=3Nb2=3)O3–PbTiO3–PbZrO3 (PNN–PT–PZ)9)].
Of the lead-based complex perovskites, lead zirconate
titanate [Pb(Zr1=2Ti1=2)O3 or PZT] ceramics have been
investigated from both fundamental and applied view-
points.10) A solid solution of Pb(Zr1�xTix)O3 (PZT) was
found to host exceptionally high value for dielectric and
piezoelectric properties for compositions close to the
morphotropic phase boundary (MPB). This MPB is located
at a PbTiO3:PbZrO3 of �1 : 1 and separates the Ti-rich
tetragonal phase from the Zr-rich rhombohedral phase.10)

Furthermore, it has a high TC of 390 �C, which allows
piezoelectric devices to be operated at relatively high
temperatures. Most commercial PZT ceramics are designed
in the vicinity of the MPB with various doping methods in
order to achieve high properties.

Lead cobalt niobate (PCN) is a perovskite relaxor ferro-
electric with a broad diffuse phase transition near �70 �C.11)

The structure is cubic at room temperature (RT). In this
compound, the octahedral sites of the crystal are randomly
occupied by Co2þ and Nb5þ ions.12) Malkov and Venevtsev
have indicated that there are large deviations in the temper-
atures at which the permittivity is maximum (Tm) for single-
crystal and ceramic samples.13) The effects of the DC bias on

the dielectric properties have been reported as a function of
temperature for single-crystal Pb(Co1=3Nb2=3)O3 with a
diffuse phase transition.14) Although the paraelectric–ferro-
electric transition temperature of PCN is below RT, it can be
easily shifted upward with the addition of PbTiO3 (PT),
which is a normal ferroelectric compound with a phase
transition at 490 �C.15) In addition, it is well known that the
addition of PZT enhances the piezoelectric, dielectric, and
ferroelectric properties in a solid solution with a relaxor
ferroelectric such as PZT–PZN,16,17) PZT–PNN,5) and PZT–
PMN.18) On the basis of this approach, solid solutions of
PZT and PCN are expected to synergistically combine the
properties of both the normal ferroelectric PZT and relaxor
ferroelectric PCN, which could exhibit piezoelectric and
dielectric properties that are better than those of the single-
phase PZT and PCN.12,19) There have been no systematic
studies on the electrical properties of ceramics within a wide
composition range between PZT and PCN.

The overall purpose of this study is to determine the phase
transition, grain size, and composition dependence of the
dielectric properties and ferroelectric behavior of ceramics
in a (1� x)Pb(Zr1=2Ti1=2)O3–(x)Pb(Co1=3Nb2=3)O3 (where
x ¼ 0:1{0:5) binary system prepared using the columbite-
wolframite precursor method.

2. Experimental Procedure

Reagent-grade oxides of PbO, CoO, Nb2O5, ZrO2, and
TiO2 (anatase-structure) were used as raw materials. The
columbite CoNb2O6 and wolframite ZrTiO4 precursors were
weighed and introduced into the batch calculations. CoNb2-
O6 and ZrTiO4 powders were prepared at calcination
temperatures of 1100 and 1450 �C for 2 h, respectively.
In the present work, (1� x)Pb(Zr1=2Ti1=2)O3–(x)Pb(Co1=3-
Nb2=3)O3 samples with compositions of x ¼ 0:1{0:5 were
prepared from ZrTiO4, CoNb2O6, and PbO powders. PZT–
PCN powders were synthesized using the solid-state reaction
of these raw materials and mixed by a vibro-milling
technique in ethanol for 1 h. PbO excess of 2.0mol% was
constantly added to compensate for lead losses during
calcination and sintering.17) After drying, the product was
calcined in an alumina crucible at a temperature of 950 �C.�E-mail address: Prasatkhetragarn@yahoo.com
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The calcined powders were pressed hydraulically to form
disc-shaped pellets with a diameter of 10mm and a thickness
of 1mm, with 1wt% poly(vinyl alcohol) (PVA) added as a
binder. The pellets were sintered at 1200 �C for 2 h at a
heating/cooling rate of 5 �C/min. The phase structure of the
powders was analyzed via X-ray diffraction (XRD; Siemens-
D500 diffractometer) analysis using Cu K� radiation. The
microstructures of the sintered samples were examined
using scanning electron microscopy (SEM; JEOL JSM-
840A). The dielectric properties of the samples were
measured using an automated measurement system. This
system consisted of an LCR meter (Hewlett-Packard HP-
4284A) in connection with a Delta Design 9023 temperature
chamber and a sample holder (Norwegian Electroceramics)
capable of high-temperature measurement. The ferroelectric
properties were examined using a simple Sawyer–Tower
circuit.18)

3. Results and Discussion

The XRD patterns of (1� x)PZT–(x)PCN ceramics with
various x values are shown in Fig. 1. It can be seen that a
complete crystalline solution of the perovskite structure is
formed throughout the entire compositional range without
the presence of pyrochlore or unwanted phases. From the
XRD data, the Pb(Zr1=2Ti1=2)O3 ceramic is identified as a
single-phase material with a perovskite structure having
tetragonal symmetry, which was matched with JCPDS file
no. 70-4057. The XRD patterns of the PZT–PCN compo-
sitions show a range in symmetry between the tetragonal and
pseudo cubic perovskite types.20) For a better comparison,
ICDD file no. 04-002-0416 for Pb(Co1=3Nb2=3)O3 with
pseudo cubic structural symmetry is also displayed in
Fig. 1. It is clear that the crystal symmetry should change
owing to the effects of increasing the PCN fraction and a
corresponding decrease in TC. It is well known that in the
pseudo cubic phase, the (200) profile will show a single
narrow peak, while in the tetragonal phase, the (200) profile
should be split into two peaks. More interestingly, the
composition at x ¼ 0:3 exhibited peak broadening at a 2� of
�44{45�, indicating the structural transformation from the
tetragonal phase, characterized by the shifting of the

ð002Þ=ð200Þ peaks to the pseudo cubic phase. This observa-
tion is obviously associated with the composition showing
the coexistence of two symmetries, which in this case are the
tetragonal and pseudo cubic phases. To a first approxima-
tion, it could be said that the composition with x ¼ 0:3 is
close to the MPB of the (1� x)PZT–(x)PCN system, where
the structure of the PZT–PCN compositions gradually
changes from tetragonal to pseudo cubic. The electrical
data described later on will further support this assumption.

The SEM images in Fig. 2 reveal that the addition of PCN
resulted in significant changes in the microstructure of the
ceramics. Some grains are observed to have irregular shapes
with both open and close pores as a result of the high rate of
the evaporation of PbO during the sintering.17) The images
also show that the grain size of the ceramics varied
considerably from 0.43 to 19.56 mm (Table I). However,
the average grain size significantly decreased with an
increase in the content of PCN. It can also be seen that
the maximum density is obtained in the 0.7PZT–0.3PCN
ceramics, while the minimum density is observed in the
0.5PZT–0.5PCN ceramics. Interestingly, the density results
can be correlated to the microstructure because high-density
0.7PZT–0.3PCN ceramics show high degrees of grain close
packing, whereas low-density 0.5PZT–0.5PCN ceramics
contain many closed pores.

The dielectric properties of (1� x)PZT–(x)PCN, where
x ¼ 0:1{0:5, are illustrated in Fig. 3. At RT, with an
increase in the concentration of PCN, the dielectric constant
tends to increase because the transition temperature of the
PZT–PCN ceramics shift across RT; hence, the value of the
dielectric properties measured at RT increased, as shown in
Table II. Other authors have reported a similar behavior.5)

The temperature dependence of the dielectric constant for
the compositions of the (1� x)PZT–(x)PCN system show
broad dielectric peaks with an increase in the concentration
of PCN, which indicate a diffuse phase transition. The
diffuse phase transition may have been caused by a decrease
in grain size; the observed difference in the degree of
diffuseness could be a result of the grain size variation, as
shown in Table II,21) and chemical inhomogenieties within
the (1� x)PZT–(x)PCN solid solution.20)

(a) (b)

Fig. 1. XRD patterns of (1� x)PZT–(x)PCN ceramics, where x ¼ 0:1{0:5.
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It should be noted that the formation of MPB could be
clearly seen by the crystal structure analysis as described
earlier. As is well known, the value of the dielectric and
ferroelectric properties of a solid solution with MPB usually
maximize approximately at the MPB. An anomaly at the
MPB has been observed by our group in solid solution
(x)PZT–(1� x)PNN.5) However, no anomalies approximate-
ly at the MPB in the dielectric properties (Table II) could be
found in the present work. In addition, the ferroelectric
properties at approximately x ¼ 0:3 are only slightly differ-
ent from those of other compositions (x ¼ 0:2, 0.4), rather
than being ‘‘anomalously high’’. This could possibly be
caused by a substitution of Ni2þ by Co2þ in the B-site, which
shifts the MPB composition from x ¼ 0:2 in the PZT–PNN
system to 0:2 � x � 0:3 in PZT–PCN. Since in this current

work, we only started with compositions at 0.1 intervals, the
exact MPB composition could not be clearly identified.
However, as seen in Table II, the argument that the MPB
composition should fall between 0:2 � x � 0:3 in PZT–PCN
is supported by all the XRD and electrical data, which show
drastic decreases in the value of the electrical properties in
compositions with x > 0:3.

The temperature dependence of the dielectric constant ("r)
measured at 100 kHz for the (1� x)PZT–(x)PCN samples
with x ¼ 0:1{0:5 is shown in Fig. 3. In an ideal solid
solution of PZT and PCN, the transition temperature is
expected to vary linearly between 341 and 167 �C. As shown
in Table II, the Curie temperature decreased as expected
with an increase in PCN content. However, the "r peaks
became broader with increasing PCN content at x � 0:3. It
was confirmed that the composition with 0:2 � x � 0:3 is
close to the morphotropic phase boundary (MPB) of the
(1� x)Pb(Zr1=2Ti1=2)O3–(x)Pb(Co1=3Nb2=3)O3 system.

Table I. Physical characteristics of (1� x)PZT–(x)PCN ceramics, where

x ¼ 0:1{0:5.

Ceramics

(x ¼ 0:1{0:5)

Density

(g/cm3)

Grain size range

(mm)

Average grain size

(mm)

0.9PZT–0.1PCN 7:39� 0:05 4.54–19.56 7:45� 0:05

0.8PZT–0.2PCN 7:46� 0:05 2.60–12.35 4:13� 0:05

0.7PZT–0.3PCN 7:62� 0:05 0.43–9.48 2:82� 0:05

0.6PZT–0.4PCN 7:42� 0:05 0.60–10.75 2:77� 0:05

0.5PZT–0.5PCN 7:31� 0:05 0.47–9.53 2:61� 0:05
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Fig. 3. (Color online) Dielectric constant ("r) of (1� x)PZT–(x)PCN

ceramics at 100 kHz.

(a) (b) 

(c) (d) 

(e)

Fig. 2. SEM images of (1� x)PZT–(x)PCN ceramics with various

compositions: x = (a) 0.1, (b) 0.2, (c) 0.3, (d) 0.4, and (e) 0.5.

Table II. Dielectric and ferroelectric properties of (1� x)PZT–(x)PCN ceramics, where x ¼ 0:1{0:5.

Dielectric properties
Ferroelectric properties

Loop
Ceramics TC (at 25 �C)

squareness
(x ¼ 0:1{ 0:5) (�C)

"max "RT � �
Pr Ps Ec (Rsq)

(mC/cm2) (mC/cm2) (kV/cm)

0.9PZT–0.1PCN 341.40 23700 740 1.52 14.72 2.9 4.1 8.45 1.52

0.8PZT–0.2PCN 295.50 23400 800 1.68 15.73 20.1 21.6 6.84 1.91

0.7PZT–0.3PCN 248.40 15500 840 1.81 16.55 20.9 22.6 6.92 1.94

0.6PZT–0.4PCN 203.50 11600 910 1.82 16.68 18.6 20.3 6.30 1.93

0.5PZT–0.5PCN 167.50 8900 1180 1.97 16.92 14.5 15.2 6.10 1.92
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To further understand the dielectric behavior of the PZT–
PCN system, the ferroelectric transition can analyzed
through the Curie–Weiss relationship. For normal ferro-
electrics such as PZT and PCN, above the Curie temper-
ature, the dielectric constant follows the following equation:

" ¼ c

T � T0
; ð1Þ

where c is the Curie constant and T0 is the Curie–Weiss
temperature.10,21,23) For a ferroelectric with a diffuse phase
transition such as the PZT–PCN solid solutions, the follow-
ing equation applies:

1

"
	 ðT � TmÞ2; ð2Þ

The above equation has been shown to be valid over a wide
temperature range compared with the normal Curie–Weiss
law [eq. (1)].24,25) In eq. (2), Tm is the temperature at which
the dielectric constant is maximum. If the local Curie
temperature distribution is Gaussian, the reciprocal permit-
tivity can be written in the form:5,24)

1

"
¼ 1

"m
þ ðT � TmÞ�

2"m�2
; ð3Þ

where "m is the maximum permittivity, � is the diffusivity,
and � is the diffuseness parameter. For (1� x)PZT–(x)PCN
compositions, the diffusivity (�) and diffuseness parameter
(�) can be estimated from the slope and intercept of the
dielectric data shown in Fig. 4, and tabulated in Table II.

� and � are both material constants depending on the
composition and structure of the material.5) � is the
expression of the degree of dielectric relaxation, while � is
used to measure the degree of diffuseness of the phase
transition. In a material with a ‘‘pure’’ diffuse phase
transition described by the Smolenskii–Isutov relation
[eq. (2)], � is expected to be 2.26) The mean value of the
diffusivity (�) is extracted from these plots by fitting a linear
equation. The values of � vary between 1.52 and 1.97, which
confirms that diffuse phase transition occurs in the PZT–
PCN system. It is important to note that in perovskite
ferroelectrics, it has been established that � and � can be
affected by microstructure features, density, and grain
size.18) For PZT-rich ceramics, � and � increase with an

increase in PCN content, confirming the diffuse phase
transitions in PZT–PCN solid solutions. It is clear that the
addition of PCN increases the degree of disorder in
(1� x)PZT–(x)PCN over the compositional range 0:1 � x �
0:5 with the highest degree of diffuseness exhibited in the
0.5PZT–0.5PCN composition. It should also be mentioned
here that different dielectric behaviors could also be caused
by grain size variation,21) as noted in Table I.

The polarization–field (P–E) hysteresis loops of
(1� x)PZT–(x)PCN ceramics measured at 15 kV/cm are
shown in Fig. 5. A series of well-developed and mostly
symmetric hysteresis loops are observed for all composi-
tions. It is seen that the remanent polarization (Pr) varies
significantly across the compositional range. However, the
coercive field Ec is relatively constant, as shown in Table II.
The ferroelectric parameters obtained from the P–E loops
are plotted in Fig. 6. The remnant polarization (Pr) and
saturated polarization (Ps) increased from Pr ¼ 2:9 mC/cm2

and Ps ¼ 4:1 mC/cm2 in 0.9PZT–0.1PCN to reach maximum
values of Pr ¼ 20:9 mC/cm2 and Ps ¼ 22:6 mC/cm2 in
0.7PZT–0.3PCN. At higher PCN contents, they then drop
to Pr ¼ 14:5 mC/cm2 and Ps ¼ 15:2 mC/cm2 in 0.5PZT–
0.5PCN. However, it should be noted that the Pr (2.9 mC/
cm2) for the composition x ¼ 0:1 in the present work is
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Fig. 4. (Color online) Variation of lnð1="r � 1="maxÞ vs lnðT � TmaxÞ of
(1� x)PZT–(x)PCN ceramics.
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lower than the Pr (�15 mC/cm2) in a previous study,20)

probably due to the fact that the solid-state conventional
mixed oxide method used in the previous study20) yielded
two MPB compositions at x ¼ 0:1 and 0.5, which is different
from the columbite–wolframite method used in this study,
which showed only one MPB composition at approximately
0:2 � x � 0:3. It is well known that ferroelectric values,
such as Pr, Ps, and Ec, show maximum values approximately
at the MPB composition.

An empirical relationship between remnant polarization
(Pr), saturation polarization (Ps) and polarization at the fields
above the coercive field was derived by Haertling and
Zimmer.27) This permits the quantification of changes in the
hysteresis behavior for the (1� x)PZT–(x)PCN samples
through the following equation:

Rsq ¼
Pr

Ps

þ P1:1Ec

Ps

; ð4Þ

where Rsq is the squareness of the hysteresis loop and P1:1Ec

is the polarization at an electric field equal to 1.1 times the
coercive field (Ec). For an ideal hysteresis loop, Rsq is equal
to 2.0. As listed in Table II, the loop squareness parameter
Rsq increased from 1.52 in 0.9PZT–0.1PCN to reach the
maximum value of 1.94 in 0.7PZT–0.3PCN before decreas-
ing to 1.92 in the 0.5PZT–0.5PCN composition. This
observation is in good agreement with the P–E hysteresis
loops, as depicted in Fig. 5. The results imply that the
addition of 30mol% PCN into PZT results in an optimized
square P–E loop.

4. Conclusion

In this study, ceramics within the (1� x)Pb(Zr1=2-
Ti1=2)O3–(x)Pb(Co1=3Nb2=3)O3 solid solution system (where
x ¼ 0:1{0:5) were successfully prepared using a solid-state
mixed-oxide technique. The PZT ceramic was identified
by XRD analysis as a single-phase tetragonal perovskite,
while the addition of PCN resulted in a gradual shift from
tetragonal symmetry to pseudo cubic symmetry, with a
possible MPB between the two phases located near the
0.7PZT–0.3PCN composition. However, the dielectric and
ferroelectric properties did not show anomalously high value
for the dielectric and ferroelectric properties at the 0.7PZT–
0.3PCN composition, indicating that the MPB composition
shifted to 0:2 � x � 0:3 in the PZT–PCN system.

Acknowledgements

This work was supported by the Commission on Higher

Education (CHE), the Thailand Research Fund (TRF), the
Faculty of Science, and the Graduate School of Chiang Mai
University.

1) A. J. Moulson and J. M. Herbert: Electroceramics: Materials,

Properties, Applications (Wiley, Chichester, U.K., 2003).

2) S.-E. Park and T. R. Shrout: IEEE Trans. Ultrason. Ferroelectr. Freq.

Control 44 (1997) 1140.

3) J. Kuwata, K. Uchino, and S. Nomura: Ferroelectrics 37 (1981) 579.

4) M. L. Mulvihill, L. E. Cross, W. Cao, and K. Uchino: J. Am. Ceram.

Soc. 80 (1997) 1462.

5) N. Vittayakorn, G. Rujijanagul, X. Tan, M. A. Marquardt, and D. P.

Cann: J. Appl. Phys. 96 (2004) 5103.

6) H. Fan, G.-T. Park, J.-J. Choi, J. Ryu, and H.-E. Kim: J. Mater. Res. 17

(2002) 180.

7) O. Furukawa, Y. Yamashita, M. Harata, T. Takahashi, and K. Inagaki:

5th Meet. Ferroelectric Materials and Their Applications, Kyoto,

1985, Jpn. J. Appl. Phys. 24 (1985) Suppl. 24-3, p. 96.

8) V. J. Tennery, K. W. Hang, and R. E. Novak: J. Am. Ceram. Soc. 51

(1968) 671.

9) D. Luff, R. Lane, K. R. Brown, and H. J. Marshallsay: Trans. J. Br.

Ceram. Soc. 73 (1974) 251.

10) L. E. Cross: Mater. Chem. Phys. 43 (1996) 108.

11) G. A. Smolenskii and A. L. Agranovskaya: Sov. Phys. Tech. Phys. 3

(1958) 1380.

12) T. Kudo, T. Yazaki, F. Naito, and S. Sugaya: J. Am. Ceram. Soc. 53

(1970) 326.

13) B. A. Malkov and Y. N. Venevtsev: Izv. Akad. Nauk Neorg. Mater. 13

(1977) 1468 [in Russian].
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Perovskite solid solutions based on the system Bi(Zn1=2Ti1=2)O3–NaNbO3 were obtained via solid-state processing techniques. The crystal

structure and ferroelectric phase transitions were studied by means of X-ray diffraction and dielectric measurements. A stable perovskite

phase was obtained for Bi(Zn1=2Ti1=2)O3 substitutions up to 10mol%. The dielectric characterization revealed that as the Bi(Zn1=2Ti1=2)O3

content increased, the transition temperature decreased and the transition peak became very diffuse. The polarization hysteresis loop and

strain measurements presented evidence of an induced ferroelectric phase with 1mol% Bi(Zn1=2Ti1=2)O3 substitutions. The planar coupling

factor (kp) for 0.01Bi(Zn1=2Ti1=2)O3–0.99NaNbO3 was measured to be 0.28. In addition, with the substitution of Li for Na in the

Bi(Zn1=2Ti1=2)O3–(Na1�yLiy )NbO3 system, the diffuseness of the transition peak decreased and the transition temperature increased.

# 2009 The Japan Society of Applied Physics
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1. Introduction

Sodium niobate, NaNbO3, is a well-known perovskite
material which possesses attractive dielectric properties
and a complex series of phase transitions.1–3) At room
temperature, NaNbO3 exhibits anti-ferroelectric behavior.
However, by replacing Na with a small amount of dopant
(e.g., Li or K), a ferroelectric phase can be induced.4–6)

Since NaNbO3 is known to exhibit a wide range of solid
solutions with other ABO3 perovskites, it is a promising
candidate for the development of lead-free piezoelectric
materials.

In studying past literature reports, solid solutions between
NaNbO3 and other ABO3 compounds can be divided into
two groups.7,8) In the first group, solid solutions with a small
amount of a second component ABO3 (e.g., LiNbO3)

4)

resulted in an intermediate pseudo-tetragonal ferroelectric
phase and the compositional dependence of the transition
temperature is rather smooth. In the second group, a
ferroelectric orthorhombic phase replaces the anti-ferro-
electric phase at a critical mole fraction of the second
component (e.g., NaTaO3).

9) More importantly, there is an
abrupt change in the transition temperature as a function of
composition.

There have been many efforts aimed at developing
new materials without lead for piezoelectric applications.
Perovskite compounds with Bi are excellent candidates for
the substitution of Pb since Bi has a similar electronic
structure to Pb. In addition, there are numerous Bi-based
perovskite compounds that can be used in designing solid
solutions to optimize properties.10–12) Recently, Suchomel
et al. reported a new piezoelectric material based on
Bi(Zn1=2Ti1=2)O3–PbTiO3. Their research revealed that
Bi(Zn1=2Ti1=2)O3 acts to increase the transition temperature
and enhances the tetragonality of PbTiO3.

12) However,
due to the smaller size of Bi3þ compared to Pb2þ,
Bi(Zn1=2Ti1=2)O3 is unstable in its pure perovskite form.

In previous work, solid solutions within the ternary
perovskite system Bi(Zn1=2Ti1=2)O3–BiScO3–BaTiO3 were
explored. A stable perovskite phase was obtained for all
compositions with a BaTiO3 content greater than 50mol%.

Furthermore, a change in symmetry from pseudo-cubic to
tetragonal was observed as the mole fraction of BaTiO3

increased (Fig. 1).13) Dielectric measurements showed a
dielectric anomaly associated with a phase transforma-
tion over the temperature range of 30 to 210 �C for all
compositions. Examination of the polarization hysteresis
behavior revealed weakly non-linear hysteresis loops. With
these data, ferroelectric phase diagrams were derived
showing the transition between the pseudo-cubic relaxor
behavior to the tetragonal normal ferroelectric behavior.
This transition was also correlated to changes in the
diffuseness parameter.

In order to develop lead-free piezoelectric materials,
NaNbO3 (NN) was used for this research due to its stable
perovskite phase and highly solubility with other perovskite
end members. In this paper, the phase equilibria and
dielectric properties of the binary solid solution Bi(Zn1=2-
Ti1=2)O3–NaNbO3 (BZT–NN) was examined. The doping
effect was also studied to examine the effects of substituting
Li for Na in the BZT–NN solid solutions. The purpose of
this research is to focus on the influence of BZT on the

Fig. 1. (Color online) (1� x )[Bi(Zn1=2Ti1=2)O3–BiScO3]–xBaTiO3

system.13)
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perovskite end member NaNbO3 in terms of the transition
temperature and its ferroelectric and dielectric properties.

2. Experimental Procedure

The synthesis of xBi(Zn1=2Ti1=2)O3–(1� x)Na1�yLiyNbO3

ceramics followed conventional ceramic processing proce-
dures. Reagent grade oxide powders of Bi2O3 (�99:9%),
ZnO (�99%), TiO2 (�99:9%), Na2CO3 (�99:5%), Nb2O5

(�99:9%), and Li2CO3 (�99%) were batched in stoichio-
metric amounts and ball-milled with ethanol and yttrium-
stabilized zirconia media for 6 h. The dried powders were
calcined in open crucibles at 920 �C for 6 h followed by an
additional milling and drying step. The calcined powders
were mixed with 3wt% poly(vinyl butyral) (PVB) and then
uniaxially cold-pressed at 150MPa into 12.7mm diameter
pellets. Following binder burnout at 400 �C, the pellets were
sintered in sealed crucibles between 1110–1150 �C for 2 h.
For phase determination, X-ray diffraction (XRD; Bruker-
AXS D8) was utilized in the 2� scan range of 10–80� using
sintered pellets.

Prior to the electrical measurements, the pellets were
polished to obtain smooth and parallel surfaces. After
polishing, a silver electrode paste (Heraeus C1000) was
applied and then fired at 650 �C. An Agilent 4284A LCR
meter was used to measure the dielectric properties over a
wide temperature range using a NorECS ProboStat high
temperature measurement cell. Polarization hysteresis meas-
urements (P–E) were determined at a frequency of 4Hz
using a ferroelectrics test system (Radiant). The strain as a
function of applied electric field was obtained by using an
optical displacement sensor (MTI-2100). Before the meas-
urement of piezoelectric properties, the samples were
sputtered with gold and poled under an electric field of 6–
7 kV/mm in silicon oil at room temperature for 10min. At
24 h after the samples were poled, the planar coupling
factors (kp) were determined by the resonance–antireso-
nance13) method which was measured by using Solartron
impedance analyzer (SI-1260). The piezoelectric coefficient,
d33, was measured by using a d33 meter (Sinocera
YE2730A).

3. Results and Discussion

3.1 Crystal structure of Bi(Zn1=2Ti1=2)O3–NaNbO3

(BZT–NN) solid solutions
The XRD patterns of sintered xBZT–(1� x)NN ceramics
shown in Fig. 2 revealed that the perovskite phase was
retained with a maximum of 10mol% BZT added. Higher
concentrations of BZT resulted in the formation of numerous
secondary phases. Initially, compositions rich in NaNbO3

exhibited peak splitting consistent with orthorhombic sym-
metry as expected. However, with increasing BZT content
the separation between diffraction peaks corresponding to
orthorhombic symmetry became narrower and eventually
merged into a single broad peak at about x ¼ 0:05. The
merging of peaks indicates a decrease in the tilt angle within
the monoclinic system.

Figure 3 highlights the diffraction peaks that illustrate the
evolution of the crystal structure and symmetry as a function
of composition. The data clearly shows that the orthorhom-
bic structure is maintained, though the decrease in peak
intensity suggests that the orthorhombic distortion becomes

vanishingly small. The following section presents data on
the phase transition via dielectric measurements, and it is
clear that as the BZT content increases the phase transition
approaches room temperature and becomes diffuse. For
these reasons, it is not unexpected that the diffraction data is
somewhat ambiguous.

3.2 Dielectric properties of BZT–NN solid solutions
Table I shows the densities of the ceramics as a function
of BZT content. The measured density decreased slightly
when a small amount of BZT was added into the solid
solution. The dielectric constant plotted against temperature
for xBi(Zn1=2Ti1=2)O3–(1� x)NaNbO3 from x ¼ 0:01 to 0.1
is presented in Fig. 4. It is shown that the maximum
permittivity, "m, retained similar values for all compositions.
However, a diffuse phase transition was observed for
compositions where x > 0:05 and the transition became
more diffuse with increasing BZT content. The dielectric
anomaly at around 50 �C for the x ¼ 0:01 composition
shown in Fig. 4(b) may be related to the phase transition that
occurs at a similar temperature in pure NaNbO3.

3)

The temperature at which the maximum dielectric
constant appeared, defined as Tm, is plotted as a function
of composition in Fig. 5. It is clear that for small amounts of
BZT in the solid solution, a decrease in Tm was observed
with increasing BZT content. At BZT concentrations greater
than x ¼ 0:05, Tm dramatically decreased. The trend of the
transition temperature as a function of composition matches
the description of the second group of NaNbO3–ABO3 solid
solutions in which the antiferroelectric phase transitions to a

Fig. 2. XRD data for xBi(Zn1=2Ti1=2)O3–(1� x)NaNbO3: (a) x ¼
0:01, (b) x ¼ 0:05, (c) x ¼ 0:075, (d) x ¼ 0:1, and (e) x ¼ 0:15.

Table I. Physical properties of xBZT–(1� x )NN perovskite ceram-

ics.

x BZT

0 0.01 0.05 0.075 0.1

�theoretical (g/cm
3) 4.575 4.613 4.774 4.877 4.955

� (%) 95 92.4 93.2 92.5 93.1
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ferroelectric phase with the addition of second component.6)

This general trend is also similar to that observed in the
ternary Bi(Zn1=2Ti1=2)O3–BiScO3–BaTiO3 system. Based on
these reports, ferroelectric properties can be expected within
the Bi(Zn1=2Ti1=2)O3–NaNbO3 solid solution.

The dielectric properties as a function of frequency for the
0.1Bi(Zn1=2Ti1=2)O3–0.9NaNbO3 composition is shown in
Fig. 6. With only 10mol% BZT introduced into the solid
solution the maximum dielectric constant is shifted to below
room temperature indicating a significant destabilization of
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Fig. 4. (Color online) Permittivity and tan � as a function of temper-

ature for xBi(Zn1=2Ti1=2)O3–(1� x )NaNbO3 at a measuring frequency

of 10 kHz.

Fig. 3. XRD data for xBi(Zn1=2Ti1=2)O3–(1� x )NaNbO3: (a) x ¼ 0:01, (b) x ¼ 0:05, (c) x ¼ 0:075, and (d) x ¼ 0:1.

Fig. 5. (Color online) Compositional dependence of the transition

temperature for xBi(Zn1=2Ti1=2)O3–(1� x )NaNbO3.

Fig. 6. (Color online) Permittivity and tan � as a function of frequen-

cy for 0.1Bi(Zn1=2Ti1=2)O3–0.9NaNbO3.
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the ferroelectric phase. This is confirmed in the XRD data
where room temperature measurements indicated very weak
orthorhombic distortions.

At higher temperatures, the increase in permittivity and
dielectric loss is most likely not due to a phase transition
but rather due to the onset of conduction losses presumably
tied to non-stoichiometry. At lower temperatures, a strong
frequency dependence characteristic of relaxor ferroelectric
behavior was observed in the vicinity of the dielectric
maximum.

The polarization and strain as a function of applied
electric field was measured at room temperature for a
number of BZT–NN solid solutions (Fig. 7). The broad
hysteresis loop observed for the 1mol% BZT composition
indicates that ferroelectric behavior was induced with the
substitution of BZT. The strain data confirmed the existence
of ferroelectric behavior. However at higher BZT concen-
trations, the P–E data exhibited linear behavior. The loss of
hysteresis can be explained by the decrease of the transition
temperature due to the increase in cation disorder at higher
BZT concentrations.

The planar coupling factor (kp) for 0.01Bi(Zn1=2Ti1=2)O3–
0.99NaNbO3 was measured to be 0.28 based on the
resonance–antiresonance method. The measurement was
conducted 24 h after the sample was poled. The piezoelectric
coefficient, d33, was measured at 38 pC/N. The depolariza-
tion temperature (Td) was measured to be 280 �C which is
lower than the transition temperature TC � 340 �C shown

in Fig. 4(a). Combining all the data from the polarization
hysteresis, strain, and piezoelectric measurements, the
existence of the ferroelectric state can be confirmed with
only x ¼ 0:01 mole fraction of BZT added. This behavior is
very similar to the effects of small amounts of Li substituted
into NaNbO3.

15)

3.3 Doping effects in BZT–NN
In order to investigate the effect of doping within NaNbO3–
ABO3 solid solutions, LiNbO3 was substituted for NaNbO3.
The Li ion is approximately 20% smaller than Na and has
been found to introduce an instability into the crystal
structure. The effects of replacing Liþ for Naþ in the
composition 0.1Bi(Zn1=2Ti1=2)O3–0.9Na1�yLiyNbO3 is
shown in Figs. 8 and 9. The perovskite structure remained
stable with up to 10mol% Li added. At higher concen-
trations secondary phases appeared in the diffraction data.
As can be seen in the dielectric and P–E hysteresis data, the
addition of Li had two effects. First, it increased Tm from
below room temperature to nearly 100 �C for 10mol% Li
added. This indicates that the stability of the ferroelectric
phase was enhanced with the addition of Li which is
confirmed by the broadening of the ferroelectric hysteresis
loops as shown in Fig. 9. In addition, the phase transition
sharpened with the addition of Li as the system shifted from
relaxor to normal ferroelectric behavior. Room temperature
XRD measurements are mostly inconclusive because the
phase transition is in the vicinity of room temperature.
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Temperature dependent diffraction measurements are cur-
rently underway to track the change in symmetry as a
function of temperature. These results are very different than

observations in the NaNbO3–LiNbO3 and NaNbO3–KNbO3

binary system,4,6) where a pseudo-tetragonal phase transition
was not observed in XRD and dielectric data.

4. Conclusions

In this work, the phase equilibria and dielectric properties of
the binary solid solution Bi(Zn1=2Ti1=2)O3–NaNbO3 (BZT–
NN) were examined. A combination of XRD and dielectric
data indicated that a stable perovskite phase with ortho-
rhombic symmetry was observed for compositions rich in
NaNbO3. As the BZT concentration increased the transition
temperature dropped below room temperature and corre-
spondingly the orthorhombic distortion weakened. The
abrupt decrease of the transition temperature indicates the
formation of a ferroelectric phase which was confirmed by
P–E loop and strain measurements. The planar coupling
factor (kp) for 0.01Bi(Zn1=2Ti1=2)O3–0.99NaNbO3 was
measured at 0.28. Through substitution of Li for Na in the
NN–BZT solution, the diffuseness of the transition peak
decreased and transition temperature increased.
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The phase evolution with temperature in the 0.98PbZrO3–0.02Pb�Ni1/3Nb2/3�O3 ceramic was
investigated with dielectric permittivity and polarization measurements, hot stage transmission
electron microscopy, and high temperature x-ray diffraction. Below 190 °C, the ceramic is in the
antiferroelectric phase with characteristic 1

4 �110	c superlattice diffractions. In this stage, typical
antiferroelectric 180° domains were observed. Between 190 and 220 °C, an intermediate phase,
which is characterized by 1

2 �110	c-type superlattice diffractions, was detected. Evidences are found
to suggest that this intermediate phase is ferroelectric. The 1

2 �110	c-type superlattice diffraction
persists even into the paraelectric phase above 220 °C. In addition, there exists an incommensurate
phase between the low temperature antiferroelectric phase and the intermediate ferroelectric phase.
© 2009 American Institute of Physics. �DOI: 10.1063/1.3065087�

I. INTRODUCTION

The classic antiferroelectric �AFE� compound lead zir-
conate �PbZrO3 or PZ� has been extensively studied since
1950s.1 At temperatures below 220 °C, PbZrO3 displays an
orthorhombic perovskite structure with antiparallel shifts of
Pb2+ ions along the pseudocubic 
110� direction, which leads
to the AFE behavior.1,2 The space group for the low tempera-
ture AFE phase was determined to be Pbam.3–5 At tempera-
tures above 230 °C, PbZrO3 is in the paraelectric phase with
the cubic m3m symmetry.2 In between the AFE and the
paraelectric phase within a narrow temperature range, there
is an intermediate phase, which is characterized by
1
2 �110	c-type superlattice diffractions.2,5–8 However, the na-
ture of this intermediate phase is still open for debate. Ex-
perimental evidence have been found to support either a
ferroelectric2,6,7 or an AFE5,8 phase.

In our previous study, it has been found that by introduc-
ing minor amounts �2–6 mol %� of relaxor ferroelectric
Pb�Ni1/3Nb2/3�O3 �PNN� into PZ, the temperature range is
expanded for an intermediate phase, which is characterized
by an evident frequency dispersion in dielectric permittivity.
As a consequence, a series of striking phase transitions was
revealed by the dielectric measurement.9 In the present work,
the 0.98PbZrO3−0.02Pb�Ni1/3Nb2/3�O3 �PZ98-PNN2� ce-
ramic was selected to further investigate the phase evolution
sequence during heating up to 300 °C with hot stage trans-
mission electron microscopy �TEM� and high temperature
x-ray diffraction �XRD�.

II. EXPERIMENTAL PROCEDURE

The phase pure PZ98-PNN2 ceramic was prepared using
the columbite precursor method in order to avoid the pyro-
chlore phase formation. Detailed preparation procedures
have been reported in our previous publications.9–11 The rela-

tive density of the as-sintered ceramic was measured using
the Archimedes method to be 98%. The grain size was ex-
amined by scanning electron microscopy �SEM� �JEOL
JSM-606LV�. As shown in Fig. 1, the freshly fractured cross
section of the PZ98-PNN2 ceramic is almost free of pores
and the grain size is in the range of 2–5 	m.

The surface layers of the sintered pellets were removed
by mechanical grinding. XRD analysis was performed with
Cu K� radiation at a series of temperatures up to 300 °C on
a PANalytical X-Pert Pro diffraction system to investigate
the structural evolution. Dielectric properties were measured
with an LCR meter �HP-4284A, Hewlett-Packard� on a Au-
electroded specimen during heating from room temperature
to 300 °C at a rate of 2 °C /min. The electrical polarization
versus field hysteresis loops were recorded at a series of
temperature with a standardized ferroelectric test system
�RT-66A, Radiant Technologies�. The peak field was main-
tained at 20 kV/cm during measurement.

Thin disks with a diameter of 3 mm were cut from the
as-sintered ceramic pellet, ground, and polished to a thick-
ness of 0.15 mm for TEM specimen preparation. The central
portion of the disks was further thinned and polished by
mechanical dimpling. Argon ion mill was then used to per-

a�Electronic mail: xtan@iastate.edu.
FIG. 1. SEM micrograph of the freshly fractured cross section of the PZ98-
PNN2 ceramic.
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forate the disk at the center. Hot-stage TEM observations
were performed with a heating rate less than 2 °C /min on a
Philips CM30 instrument operating at 300 kV. Bright field
images and selected area electron diffraction �SAED� pat-
terns were recorded 10 min after the temperature was stabi-
lized.

III. RESULTS AND DISCUSSION

A. Electrical properties

The temperature dependence of relative dielectric per-
mittivity and loss tangent was measured at frequencies of
100 Hz, 1 kHz, and 10 kHz during heating from 30 to
300 °C and the results are displayed in Fig. 2. Clearly, there
are two abrupt changes in both relative permittivity and loss
tangent in the PZ98-PNN2 ceramic. The first one occurred at
around 190 °C where both relative permittivity and loss tan-
gent increased by one order of magnitude. The second abrupt
change took place at the Curie temperature of 220 °C where
significant suppression of loss tangent is seen. Therefore, the
dielectric response in the PZ98-PNN2 ceramic can be di-
vided into three stages. At temperatures below 190 °C, the
relative permittivity and the loss tangent both have low val-
ues and show negligible increases with increasing tempera-
tures. At temperatures above 220 °C, the relative permittiv-
ity starts to decrease following the Curie–Weiss law, �r

=C / �T−T0�, where �r is the relative permittivity, T is the
temperature, and C and T0 are Curie constant and Curie
point, respectively. By fitting the data between 220 and
300 °C in Fig. 2, C and T0 were determined to be 1.89
�105 and 185.8 °C, respectively. In the intermediate tem-
perature range �190–220 °C�, the relative permittivity in-
creases dramatically, while the loss tangent remains high
around 0.1. The most remarkable feature of the dielectric
behavior in this temperature range is the evident frequency
dispersion of both relative permittivity and loss tangent, re-
sembling that in relaxor ferroelectric ceramics. Tmax, the tem-
perature at which the maximum dielectric permittivity is
achieved, was measured to be 219.4 °C at 100 Hz, 220.1 °C
at 1 kHz, and 220.4 °C at 10 kHz, respectively, shifting
slightly toward higher temperatures with increasing fre-
quency.

To further clarify the dielectric behavior of the different
phases in the PZ98-PNN2 ceramic, electrical polarization
hysteresis loop measurements were performed under a peak
field of 20 kV/cm at a series of temperatures. During heating,

the two electrodes were shortened. The loop was recorded
after the temperature was stabilized for at least 5 min. As
shown in Fig. 3�a�, very small polarizations can be induced
by the applied electric field in the ceramic at room tempera-
ture. This is typical for an AFE ceramic subjected to electric
fields that are not sufficient to induce the AFE to ferroelectric
phase transition. Such a linear behavior with minimum po-
larization remains at temperatures up to 170 °C.

When the temperature further increases, a hysteretic be-
havior starts to develop. As shown in Fig. 3�b�, a regular
hysteresis loop with a coercive field Ec of 3.9 kV/cm was
recorded at 173 °C. However, the observed hysteresis loop
does not indicate the presence of a ferroelectric phase.
Close examination of the loop in Fig. 3�b� reveals that slight
distortions occurred at �5 kV /cm, marked with
the two dashed circles on the hysteresis loop. Similar
distortions on hysteresis loops were found in
Pb0.99Nb0.02��Zr0.57Sn0.43�1−yTiy�0.98O3 ceramics and have
been attributed to the onset of the electric field-induced AFE
to ferroelectric phase transition.12 Therefore, the PZ98-PNN2
ceramic at this temperature is still in the AFE phase. It
should be noted that the distortions marked in Fig. 3�b� in-
dicate the AFE-to-ferroelectric phase transition. The distor-
tion associated with the backward ferroelectric-to-AFE tran-
sition was not seen because it may overlap with the coercive
field of the induced ferroelectric phase. The observed large

FIG. 2. Dielectric properties during heating at 100 Hz, 1 kHz, and 10 kHz in
a bulk PZ98-PNN2 ceramic.

FIG. 3. Polarization hysteresis loops recorded from a bulk PZ98-PNN2
ceramic at 4 Hz during heating at �a� 25 °C, �b� 173 °C, and �c� 200 °C.
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polarization is due to the induced ferroelectric phase by the
applied field of 20 kV/cm, which is much higher than the
critical electric field EF of �5 kV /cm.

Further increase in temperature leads to the decrease in
the critical field EF and the increase in both the saturation
polarization Ps and the remanent polarization Pr. Pr saturates
at 25 	C /cm2 when the temperature reaches 177 °C and
stays unchanged up to 186 °C. It should be noted that the
coercive field Ec �not the critical field EF� remains the same
at 3.9 kV/cm in the temperature range of 172–186 °C. The
results suggest that the volume fraction of the ferroelectric
phase induced by a field of 20 kV/cm in the ceramic in-
creases with increasing temperatures between 172 and
177 °C. In the temperature range of 177–186 °C, the whole
piece of sample was forced into a ferroelectric phase by the
external electric field of 20 kV/cm. Therefore, the Pr satu-
rates in this temperature range.

Dramatic change in the coercive field Ec was observed at
186 °C. At this temperature, although a well defined hyster-
esis loop was still observed, Ec abruptly reduced to 2.4 kV/
cm, indicating the appearance of a new phase. Up to 200 °C,
the hysteresis loop remains largely unchanged, with the one
at 200 °C shown in Fig. 3�c�.

Combined with the results presented in Fig. 2, we be-
lieve that the abrupt change in Ec at 186 °C marks the phase
transition at 190 °C revealed by the dielectric measurement.
The discrepancy in temperature is due to the different test
conditions. In the dielectric measurement, the ceramic
sample was subjected to continuous heating at a rate of
2 °C /min, while in the polarization measurement, the hys-
teresis loops were recorded after at least 5 min the tempera-
ture is stabilized. In summary, the macroscopic property
measurements reveal that at temperatures below 190 °C, the
PZ98-PNN2 ceramic is AFE with stable and low dielectric
permittivity and loss tangent. Under applied electric fields,
the AFE phase can be transformed into a ferroelectric phase
at temperatures slightly below the transition temperature. An
intermediate phase exists between 190 and 220 °C. The in-
creased loss tangent and the well defined hysteresis loops
with reduced coercive fields Ec seem to suggest that this
phase is ferroelectric.2 Further supporting evidence is found
in our previous study where the intermediate phase is stabi-
lized down below room temperature in the PZ90-PNN10 ce-
ramic and an undistorted hysteresis loop was observed in this
ceramic at room temperature.10 However, this intermediate
phase is a unique ferroelectric phase with evident frequency
dispersion in its dielectric behavior.

B. Hot stage TEM

The temperature induced phase transitions were visual-
ized by hot stage TEM during heating. One grain about
3 	m in size was tilted so that its 
001�-zone axis was
aligned with the electron beam direction. The evolution of
the SAED pattern with temperature is exemplified in Fig. 4.
At room temperature, the primary feature is the presence of
the 1

4 �110	c-type superlattice diffraction spots �Fig. 4�a��,
where the subscript c indicates that the indices are based on
the parent cubic perovskite unit cell. The superlattice struc-

ture is identical to that of PbZrO3 at room temperature.2,6,7

Therefore, adding 2 mol % of PNN does not change the
crystal structure of PbZrO3. The SAED pattern with the
1
4 �110	c superlattice spots does not change with increasing
temperature up to 179 °C.

At 179 °C, the 1
4 �110	c superlattice spots disappeared, as

shown in Fig. 4�b�. Instead, incommensurate superlattice dif-
fraction spots emerged. These extra diffraction spots are of
the 1

n �110	c-type, where n is not an integer. The value of n is
determined to be 6.48 for the PZ98-PNN2 ceramic from Fig.
4�b�. The incommensurate superlattice diffraction spots only
existed over a narrow temperature range of �3 °C and com-
pletely disappeared at 181 °C. This type of incommensurate
superlattice diffraction has been previously observed in
PbZrO3 and was attributed to the competition between the
low temperature AFE phase and the intermediate ferroelec-
tric phase.6

In the temperature range of 181–212 °C, the primary
feature in SAED patterns is the presence of 1

2 �110	c-type
superlattice diffraction, as exemplified by the diffraction pat-
tern recorded at 194 °C shown in Fig. 4�c�. The 1

2 �110	c

superlattice diffraction was reported previously and has been
considered as the signature of the intermediate phase in
PbZrO3.2,5–8 However, considerable controversy remains
concerning the symmetry and the nature of the intermediate
phase. It was reported to be either rhombohedral6 or
orthorhombic,5,7 either ferroelectric2,6,7 or AFE.5,8

The 1
2 �110	c superlattice diffraction started to become

weaker and diffuse at 212 °C and finally vanished at
240 °C. Further increase in temperature up to 300 °C did
not lead to any change in the diffraction pattern. The SAED
pattern at 240 °C is shown in Fig. 4�d� and can be indexed
with the parent cubic perovskite structure.

FIG. 4. Hot stage in situ TEM experiment on a thin foil specimen of the
PZ98-PNN2 ceramic. The 
001�c-zone axis SAED patterns observed during
heating at �a� 25 °C, �b� 179 °C, �c� 194 °C, and �d� 240 °C.
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